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Abstract
Gapless materials are one type of novel materials, in which their conduction and valence band edges
touch and the band gap is zero. The well known gapless materials are 2D graphene, 2D and 3D
topological insulators and recently discovered 3D Dirac semimetals. Such materials exhibit lots of unique
properties including massless quasiparticles, extremely high electron mobility, linear magnetoresistances
and so on. And they demonstrate great potential application in next generations of quantum computing,
electronic, spintronic and optoelectronic devices.

Topological insulators are quantum materials with an insulating bulk state and a topologically protected
metallic surface state with spin and momentum helical locking and a Dirac-like band structure. Antimony
telluride (Sb2Te3) compounds are well known as typical three dimensional topological insulators. We have
investigated the anisotropic in-plane and interlayer magneto-transport properties of Sb2Te3 single crystals
over a broad range of temperatures, degrees and magnetic fields. Giant magnetoresistance (MR) of up to
400% was observed, which exhibits quadratic field dependences in low fields and becomes linear at high
fields without any trend towards saturation. The giant MR also shows strong anisotropy in angle
dependent measurements. The giant MR might result from strong inter-valley and intra-valley scattering
of holes and the strong anisotropy is attributable to the anisotropy of hole mobility, relaxation time and
effective mass in the Fermi surface. The observed giant anisotropic MR could find applications in Sb2Te3
based anisotropic magneto-electronic devices.

A flow of carriers along the c-axis is extremely sensitive to the orientation of an in-plane magnetic field
due to in-plane mass anisotropy in layered compounds. Based on this mechanism, a rotatable in-plane
xiv

magnetic field has been applied as a valley valve to tune the contribution of each valley in Sb 2Te3 bulk
single crystals to the total conductivity and interlayer MR. A valley-polarized current is generated, and the
angular-dependent interlayer MR of up to 160% represents strong anisotropy. There are six inequivalent
peaks over all temperature and magnetic field ranges. The giant MR results from the intra-valley and
inter-valley hole Coulomb scattering in upper valence bands. And the interlayer MR anisotropy originates
from field-induced polarization of valleys, Coulomb interaction induced valley distortion. The strong
anisotropy of the angular-dependent interlayer MR reflects strong anisotropies of carrier scattering time
and effective mass in the six valleys and their inequivalent contributions to total magnetoconductivity and
interlayer MR in Sb2Te3.

Angular-dependences of in-plane and interlayer magnetotransport properties in topological insulator
Bi2Te3 single crystals have been investigated over a broad range of temperatures and magnetic fields.
Giant in-plane MR of up to 500% and interlayer MR of up to 200% were observed, respectively. The
observed MR exhibits quadratic field dependences in low fields and linear field dependences in high
fields. The angular dependences of the MR represent strong anisotropy and twofold oscillations. The
observed angle-dependent, giant MR might result from the strong coulomb scattering of electrons as well
as impurity scattering in the bulk conduction bands of Bi2Te3. The strong anisotropy of the MR may be
attributable to the anisotropy of electron mobility, effective mass and relaxation time in the Fermi surface.
The observed giant anisotropic MR in Bi2Te3 bulk single crystals paves the way for Bi2Te3 single crystals
to be useful for practical applications in magnetoelectronic devices such as disk reading heads,
anisotropic magnetic sensors, and other multifunctional electromagnetic applications.

Recently, theoretical calculation and transport measurements as well as Angle-resolved photoemission
spectroscopy (ARPES) measurements demonstrate that such in-gap states actually are surface states, and
SmB6 is a topological Kondo insulator (TKI). We report angular-dependence of out-of-plane MR
oscillations in SmB6 single crystals with a rotated in-plane magnetic field. The four-fold degeneracy of
xv

Fermi surface electron pockets of SmB6 leads to a four-fold (C4) symmetry of out-of-plane MR
oscillations. The C4 symmetric oscillations gradually lose and transit into nearly two-fold (C2) symmetry
with decreasing temperature, which demonstrates a C4 rotational symmetry breaking of lattice. Such a
symmetry breaking suggests profound reconstruction of Fermi surface and implies the possible emerging
of electronic nematic states in Kondo insulator SmB6. These experimental observations shed new light on
the 40-year old puzzle of the in-gap states in SmB6.

The thermotransport properties of SmB6 polycrystalline are investigated over a broad temperature ranging
from 300 K to 2 K. An unexpected transition of temperature-dependent Seebeck coefficient S from S(T)∝
T-1 to S(T)∝T is observed around 12 K. Such a transition demonstrates a transformation of 3D bulk states
to complete 2D metallic surface states. The figure of merit ZT of SmB6 displays a pronounced peak at 40
K, which is correlated to the Kondo gap opening. Our results solve a critical outstanding problem of
Seebeck effect anomaly in topological insulators. And the results also suggest that the Seebeck effects can
be a probe for surface states in topological insulators.

Graphene, a single layer carbon atoms, is a 2D gapless semiconductor. It demonstrates extraordinarily
high electron mobility, thermal conductivity and mechanical strength, and has great potential for
nanoelectronics, spintronics and optoelectronics. We investigated on the comparative study of
magnetotransport properties of large-area vertical few-layer graphene networks with different
morphology, measured in a strong (up to 10 T) magnetic field over a wide temperature range. The
petal-like and tree-like graphene networks grown by plasma enhanced CVD process on a thin (500 nm)
silicon oxide layer supported by a thick (500 nm) silicon wafer demonstrate a significant difference in the
resistance – magnetic field dependencies at temperatures ranging from 2 to 200 K. This behaviour is
explained in terms of the effect of electron scattering at ultra-long reactive edges and ultra-dense
xvi

boundaries of the graphene nanowalls. Our results pave a way towards three-dimensional vertical
graphene-based magnetoelectronic nanodevices with morphology-tuneable anisotropic magnetic
properties.

We investigated different magnetization in vertical graphenes fabricated by plasma-enabled chemical
conversion of organic precursors with various oxygen contents and bonding energies. The vertical
graphenes grown from fat-like precursors exhibit magnetization reaching 8 emu/g, whereas the use of
aromatic precursors results in much lower numbers. High Curie temperature was also demonstrated. The
strong magnetism in vertical graphenes was achieved by satisfying 3 criteria of 1) defect control, 2)
hydrogenation, 3) edge states. These multiple mechanisms was enabled during the plasma dry chemical
conversion process.

Bi1−xSbx can be tuned from topologically trivial phase to topologically non-trivial phase through a critical
point around x=0.04. At this point, Bi1−xSbx alloy becomes a semimetal with massless Dirac fermions. We
investigated magnetic field induced metal-semiconductor transition and linear MR in Dirac semi-metal
phase of Bi1-xSbx. A field dependent band gap is induced in Bi0.96Sb0.04 single crystals in high magnetic
fields. Giant linear MR of up to 5000% were observed in 8 T and 5 K, which can be explained with the
model of Abrikosov’s quantum MR. Additionally, low field linear MR has been observed in Bi0.96Sb0.04
single crystals with rough surface, which can be attributed to disorder effects.
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Chapter 1 Introduction to gapless materials
1.1 Graphene
1.1.1 Overview
Graphene is a 2D single planar sheet of carbon atoms (Fig.1.1), which are arranged in a regular
hexagonal pattern.[1] Its quasiparticle excitations are described by the 2D massless Dirac equation. It was
firstly isolated from graphite using micromechanical cleavage in 2004.[2] Soon afterwards, several other
methods were developed, such as epitaxial growth on silicon carbide and epitaxial growth on metal
substrates such as copper.[3-5] Graphene is a semi-metal or zero-gap semiconductor, and demonstrates
extraordinarily high mobility up to 106 cm2V-1·s-1.[6, 7] The unique features of its electronic properties
arise from its gapless, massless, chiral Dirac spectrum.[8] The fascinating properties of graphene have
triggered numerous fundamental and technological studies. Graphene also shows high thermal
conductivity and mechanical strength, which holds great promising for many applications such as
nanoelectronics, spintronics, and optoelectronics.[8, 9]

Figure 1.1 Lattice and band structure of graphene, a 2D single sheet of carbon. Adopted from Ref. [10].

1.1.2 Magnetotransport in graphene
1

The magnetotransport properties, such as the magnetoresistance (MR), in graphene is significant due to
their potential for unveiling the intrinsic magnetic properties of graphene and for application in graphene
based magnetoelectronic devices such as magnetic sensors.[11-13] The MR in 2D graphene has been
intensively studied.[6, 14] The MR may be positive and linear due to the Coulomb interaction,
inhomogeneity, or quantum linear MR.[12, 13] It also may be negative due to quantum interference
corrections to the conductivity of 2D graphene.[15, 16] Very large negative MR has been theoretically
predicted and experimently observed in 1D graphene nanoribbons (Fig.1.2), which could be attributed to
the reduction of quantum confinement and the delocalization effect.[14, 17] Colossal negative MR has
also been observed in dilute fluorinated graphene, which is attributable to adatom-induced magnetism or a
metal-insulator transition driven by quantum interference.[18] A transition in the MR might appear due to
the transition from WL toWAL with increasing magnetic field.[19-21] Large MR has also been observed
in a nanocontact consisting of a Ni nanoprobe and carbon nanowalls, which is attributable to tunnelling
effects and useful for sensing applications.[22] Quasi-periodic MR oscillations have been observed in
thick carbon nanowalls in low magnetic field, but no theoretical analysis was provided.[23]

Figure 1.2 Experimental observation of large MR in graphene nanoribbons. Adopted from Ref. [14].
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1.1.3 Ferromagnetism of graphene
Magnetic ordering in carbon-based materials has attracted widespread attention in the scientific
community due to only light elements being involved, rather than transition metals such as Fe, Co, and
Ni.[24-28] Carbon-based magnetic materials possess many attractive properties, such as low density,
biocompatibility, plasticity, etc., which are of practical significance for next generation magnetic devices.
Magnetic ordering in such graphene may have great potential for use in the design of future magnetic
nanoelectronic and spintronic devices. Ferromagnetism has been predicted and observed in graphite and
graphene, which is attributed to localized unpaired spins induced by defects.[29-33] Defects break the
transitional symmetry of the lattice and lead to localized states and magnetic moment formation due to
electron-electron interaction.[34] The induced magnetic moments interact ferromagnetically (Fig. 1.3) if
defects are located on different hexagonal sublattices of graphene.[35] Theoretical calculations indicate
that a ferromagnetic graphene will be simultaneously semiconducting, which is essential for the
stabilization of such ferromagnetic states.[36, 37] In addition, ferromagnetic and antiferromagnetic
ordering can also arise from defective zigzag edges in 1D graphene nanoribbons.[34, 38-42] Very recently,
a spin phase transition from an antiferromagnetic to a ferromagnetic state has been observed in bilayer
graphene under large in-plane magnetic fields.[43, 44]

Figure 1.3 (left) Magnetic hysteresis loops in magnetic graphite material for T = 200 and 300 K. (right)
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Zero-field-cooled (ZFC) and field-cooled (FC) magnetization as a function of temperature. Adopted from
Ref. [45].

As is well known, H adatoms can generate spontaneous magnetism in graphene.[46] In general, H atoms
are adsorbed on graphite surfaces via the formation of stable H clusters consisting of two to four H
atoms.[47] The dynamics of H adatoms on graphene has been detected by nuclear-magnetic resonance
experiments and electron spin resonance spectroscopy.[48-51] H adatoms break the double C=C bond and
form C-H bonds, releasing unpaired electrons. The bonding of H and C atoms results in removal of the π
orbital from the low energy sector. Additionally, the H chemisorption also leads to a transition from sp2 to
sp3 - sp2 hybridization, and sp3-type defects introduce local sublattice imbalance and electrons with
unpaired spins.[52], [37, 53, 54] There are two carbon atoms per unit cell located at two inequivalent
sublattices, A and B. The H chemisorption defects give rise to strong Stoner ferromagnetism with a
magnetic moment of 1 μB per defect, when the defects are located on the same sublattice.[35, 55] The
stability of the magnetic configurations depends on the distance between H adatoms and the strength of
exchange couplings between the defect-induced magnetic moments.[55] In addition, adsorption of H
leads to buckling of hydrogenated carbon. Semi-hydrogenated graphene is predicted to be a ferromagnetic
semiconductor due to broken π-bonding and electrons that are left localized and unpaired in the
unhydrogenated C atoms.[37] As shown in Fig. 1.4, the H adatoms are not only adsorbed on the graphene
surfaces, but also at interlayers in the plasma-growth process.[41] Partial coverage with H adatoms
induces the formation of unpaired electrons, which lead to the observed magnetization.[56] Theoretical
calculations suggest that H maintains the magnetic moment of the defects and gives rise to a macroscopic
magnetic signal.[57]
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Figure 1.4 Magnetic moments in graphene with H adatoms. Adopted from Ref. [58].

The long-range coupling of local moments is expected to take place through spin alternation due to the
presence of half-filled π-orbitals in graphene.[59] Density functional theory (DFT) calculations show that
periodic H adsorption results in an electronic band structure with the highest occupied band filled with
electrons of the same spin in a ferromagnetic configuration.[60] As calculated by density functional
theory, the magnetic moments interact, resulting in ferromagnetism or antiferromagnetism, depending on
the relative adsorption on the graphene sublattice.[58] Strong long-range coupling between local magnetic
moments on the same sublattice can maintain room-temperature ferromagnetic ordering against thermal
fluctuations. The stability of the magnetic configurations depends on the distance between H atoms and
the strength of exchange couplings between the defect-induced magnetic moments. The H induced
magnetic moments can be aligned by magnetic fields and generate a ferromagnetic state with maximized
exchange energy. H saturation can stabilize the vacancy structure and induce magnetic coupling between
the defects, and the ferromagnetic ordering is accompanied by semiconducting properties.[36]
Ferromagnetic behavior in plasma-enabled graphene can be attributed to topological defects and strong
Coulomb interaction between electrons [61].
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Figure 1.5 Ferromagnetism in graphene nanoribbons. Adopted from Ref. [62].
The zigzag edges in graphene nanoribbons can be magnetic due to the introduction of spin polarized edge
states. The net spin moment in zigzag-edged nanosheets results from topological frustration of the
π-bonds.[63] In our case, the plasma-enabled graphene nanopetals have one side with an open defective
edge and the other side attached to the substrate. Zigzag and armchair edges coexist in plasma-enabled
nanopetals. The absorption of H at the edges of the graphene nanopetals leads to the formation of a
spin-polarized band at the Fermi level. The π electrons on hydrogenated zigzag edges may create a
ferromagnetic spin structure on the edge due to edge localized states. H adatoms at zigzag edges can
passivate the σ dangling bonds while leaving all the π orbitals unsaturated and carrying the magnetic
moments. Adsorption of atomic H in graphene leads to a magnetic moment of 1 μB that is localized on
the orbitals surrounding each H atom. In the vertical graphene nanosheets, there are ultra-long edges with
up to 107 m/g, which results in giant saturation magnetization. The magnitude of the ferromagnetism
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strongly depend on the positions of the H atoms relative to the edges.[58]

Figure 1.6 Magnetic moments on zigzag edges of graphene nanoribbons. Adopted from Ref. [38].

Additionally, lattice vacancies also generate localized electronic states and magnetic moments due to the
hybridization of pz orbitals in the π-band. Calculated magnetic moments are 1.12–1.53 μB per vacancy
defect, depending on the defect concentration.[35] Vacancy defects in the same sublattice induce
ferromagnetic ordering, based on theoretical calculations, although the naked vacancy defects generate
much weaker ferromagnetic order than H-defect ones. On the other hand, H adatoms can easily adsorb on
vacancy dangling bonds and form vacancy-H complexes that can provide larger magnetic moment, which
might play a dominant role in plasma-enabled graphene nanosheets.[57] DFT calculations show that H
saturation stabilizes vacancy-induced ferromagnetic ordering in graphene, which has to be accompanied
by semiconducting properties.[36]

Figure 1.7 Magnetic moments on lattice sites around a single vacancy. Adopted from Ref. [64].
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Many approaches have been used to produce ferromagnetism in graphene, including the introduction of
hydrogen (H) by chemisorption and of defects, especially vacancy defects (Fig.1.7) and edge defects
produced by the H plasma process or high-energy ion irradiation.[33, 65-67] To date, however, the
observed maximum magnetization in either polycrystalline or single crystal graphene synthesized by
chemical vapor deposition (CVD) or mechanical cleavage is no more than 1 emu/g at low temperature.[28,
31] The lack of large-scale magnetization hinders the application of graphene in practical magnetic
devices. On the other hand, assuming that each carbon atom has a ferromagnetic moment of 1 μB,
graphene would have magnetization 465 emu/g, which means that only a tiny fraction of the carbon atoms
participate in the magnetism.[26] In order to achieve such practical applications, it is essential to employ
new techniques to enhance the intrinsic magnetization of graphene.

1.2 Topological insulators
1.2.1 Overview

Topological insulators are quantum materials with an insulating bulk state and a topologically protected
metallic surface state with spin and momentum helical locking and a Dirac-like band structure.[68, 69]
Unique and fascinating electronic properties, such as the quantum spin Hall effect, magnetoelectric
effects, magnetic monopoles, and elusive Majorana states, are expected from topological insulators.[70,
71] Topological insulators have great potential applications in spintronics and quantum information
processing, as well as magnetoelectric devices with higher energy efficiency.[72, 73] Three-dimensional
(3D) topological insulators are associated with gapless surface states, and two-dimensional (2D)
topological insulators with gapless edge states.[74] The surface states in topological insulators have been
mainly investigated by angle-resolved photoemission spectroscopy (ARPES), scanning tunneling
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microscopy (STM), and theoretical calculations.[75] To date, HgTe/CdTe quantum wells have been
identified as 2D topological insulators, and Bi0.9Sb0.1, Bi2Te3, Sb2Te3, Bi2Se3 et al. have been identified as
3D topological insulators with robust surface states.[76]

1.2.2 Theoretical prediction of 2D topological insulator

The 2D topological insulators and the quantum spin Hall (QSH) states were firstly theoretically predicted
in graphene by C. L. Kane and E. J. Mele in graphene in 2005.[77, 78] Subsequently, quantized spin Hall
effects in the absence of any magnetic field were proposed independently by Bernevig and Zhang.[79]
The electronic state of proposed graphene is gapped in the bulk and supports metallic transport in gapless
edge states. Spin-orbit coupling plays an essential role in these new quantum states. Figure 1.8 shows the
one-dimensional (1D) energy bands of a graphene strip with edge states between the bulk band gap.

Figure 1.8 One-dimensional energy bands for a strip of graphene, shown in the inset. The bands crossing
the gap are-spin filtered edge states. Adopted from Ref. [77].

1.2.3 Experimental realization of 2D topological insulators

2D topological insulator behavior was theoretically predicted in mercury telluride–cadmium telluride
(HgTe/CdTe) semiconductor quantum wells by M. König et al. in 2006.[70] HgTe/CdTe quantum wells
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have strong spin-orbital coupling. When the thickness of the HgTe layer is smaller than 6.3 nm, the 2D
electronic states have the normal band order, but when the thickness is larger than 6.3 nm, the 2D bands
have an inversion with a quantum phase transition between the trivial insulator and the quantum spin Hall
insulator.

Figure 1.9 Schematic diagram of the spin-polarized edge channels in an HgTe quantum well. Adopted
from Ref. [80].

Subsequently, L. W. Molenkamp et al. firstly experimentally realized the 2D topological insulator in
HgTe quantum wells in 2007.[80] Figure 1.9 displays a schematic diagram of the spin-polarized edge
channels in a quantum well. Two edge states with opposite spin polarization (blue and purple) counter
propagate at opposite edges.
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Figure 1.10 HgTe/CdTe quantum wells with different thickness of the HgTe layer: (a) Schematic
diagram of the spin-polarized edge channels in the quantum wells. (b) Band structures of the quantum
wells. The thicker quantum well on the right has edge states inside the bulk gap. (c) Resistances of thinner
and thicker quantum wells as a function of gate voltage. The thicker quantum well has a quantized
resistance plateau at R = h/2e2 due to edge states. The resistance plateau is also independent of HgTe
layer thickness, which demonstrates that the resistance is due to the conduction at the edges. Adopted
from Ref. [81].

Figure 1.10 shows the resistance measurements for a series of samples as a function of a gate voltage. For
thicker (d > 6.3 nm) quantum wells with different widths, the insulating regimes result in a plateau of
residual conductance close to 2e2/h. The residual conductance is independent of the sample width, which
convincingly verifies that it is caused by edge states rather than the bulk states. Non-local edge channel
transport has been reported in mercury telluride quantum wells in the quantum spin Hall regime at zero
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external magnetic field.[82] These measurements confirm that the quantum transport through the helical
edge channels is non-dissipative.

1.2.4 Magnetotransport in 2D topological insulators

The helical edge states can be destroyed through breaking the time-reversal symmetry with a magnetic
field. This will open a gap between the two helical edge states and eliminates the topological distinction
between the quantum spin Hall phase and a simple insulator.[77, 78, 80] Perpendicular and in-plane
magnetic fields lead to different gaps.

Figure 1.11 Magnetoconductance as a function of angle between the 2D plane and the magnetic field for
a quantum well structure at 1.4 K. Adopted from Ref. [80].

The cusp behavior in the magnetoconductance is possibly due to the presence of strong disorder.[83]
Figure 1.11 shows that a perpendicular field has a much larger influence on the edge state than an
in-plane field.
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Since the helical edge states propagate without dissipation at the edges of 2D topological insulators, they
have great potential in next generation spintronic devices.[68, 69] The spin-momentum locked edge
modes in 2D topological insulators provide a potential route for spin and charge manipulation in
electronic devices. A topological field-effect-transistor has been proposed that would work by electrically
switching the topological insulating phase in a HgTe/CdTe double quantum well device.[84]

Figure 1.12 (a) HgTe/CdTe quantum well device with a back gate and two distinct top gates. (b) IOFF/ION
current ratio as a function of temperature of the topological-field-effect transistor. Adopted from Ref.
[15].

As shown in Figure 1.12, in the ON state, the top gates induce a gate-bias domain leading to a 2D
topological insulator/normal insulator interface. The source (S) and drain (D) leads collect charges from
the edge modes. In addition, a pure spin current can be realized when a normal conducting circuit closes.
Based on this design, spin batteries can also be realized with 2D topological insulators.[84]

1.2.5 Theoretical prediction of 3D topological insulators

3D topological insulators have metallic surface states as a consequence of the nontrivial topology of
electronic wavefunctions and insulating bulk states with strong spin-orbital coupling. In the surface states,
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the electron’s spin and linear momentum are locked together. The 3D topological insulator states were
theoretically predicted by deriving topological invariants for a general time-reversal-invariant band
insulator with a tight binding model by L. Fu et al. in 2007.[85] BixSb1−x was predicted to be strong
topological insulator with inversion symmetry.[86] This was also calculated independently by Moore and
by Balents and Roy in 2007 and 2009.[87, 88] In 3D, there are 4 invariants distinguishing 16 phases with
two classes, weak and strong topological insulators. The weak topological insulators (WTI) can be
destroyed by disorder. The strong topological insulators have robust topological surface states. The
surface states are chiral, with spin-momentum locking and a Dirac cone, as shown in Figure 1.13. Chiral
Rashba surface states provide protection against coherent back scattering and disorder.

Figure 1.13 2D band structures for a slab with a (111) face. The states crossing the bulk energy gap are
localized at the surface. In the weak topological insulator phases there are an even (odd) number of Dirac
points in the surface spectrum. Adopted from Ref. [85].

In the same year, a number of 3D strong topological insulators, including the semiconducting alloy
Bi1−xSbx, as well as α-Sn and HgTe under uniaxial strain, were theoretically predicted.[86] Subsequently,
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layered, stoichiometric crystals of Bi2Se3, Bi2Te3, and Sb2Te3 were predicted to be 3D topological
insulators through ﬁrst-principles electronic structure calculations.[76] Among them, Bi2Se3 has a bulk
energy gap of 0.3 eV, which is larger than the energy scale of room temperature.

1.2.6 Experimental realization of 3D topological insulators

The experimental observation of the first 3D topological insulator was in the alloy Bi0.9Sb0.1 by
incident-photon-energy-modulated ARPES (see Figures 1.14 and 1.15).[89] ARPES can probe the unique
metallic surface state and consequently the topological invariants directly. In ARPES, photons are used to
eject electrons from the surface of materials, and the surface electronic structures can be determined
through analyzing the momentum of the emitted electrons.[90] Bi1-xSbx alloy is well known as an
excellent thermoelectric material. Bi0.9Sb0.1 alloy has a topological Z2 order, which is expected to give rise
to unusual spin physics at the edges or surfaces of topological insulators.[71]
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Figure 1.14 ARPES experimental results on Bi0.9Sb0.1 alloy show topological gapless surface states of
Bi0.9Sb0.1. Bi-Sb alloy exhibits an odd number of surface states. Adopted from Ref. [71].

Figure 1.15 Fermi surface spin-textures of Bi0.9Sb0.1. Topological surfaces exhibit non-trivial
spin-textures. Adopted from Ref. [71].

Subsequently, Zhang et al., calculated the electronic structure of Sb2Te3, Bi2Te3, and Bi2Se3 crystals and
confirmed that they are topological insulators. They have robust and simple surface states consisting of a
single Dirac cone at the Γ point. Moreover, they predicted that Bi2Se3 has a topologically non-trivial
energy gap of 0.3 eV.[76]
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Figure 1.16 Single Dirac cone fermions in Bi2Se3. The surface dispersion relation of electronic states
reveals a spin-polarized Dirac cone, and the Fermi surface exhibits chiral left-handed spin textures.
Adopted from Ref. [91, 92].

Soon afterwards, Bi2Se3 crystals were experimentally confirmed as topological insulators. The topological
insulator behavior in Bi2Se3 is associated with a single band inversion at the surface Brillouin zone center.
ARPES revealed the topological metallic states with a single surface Dirac cone in Bi2Se3 (see Fig. 1.16
and 1.10).[91, 92] The bulk energy gap in Bi2Se3 is larger than the energy scale of room temperature, and
the observed topological nodal state in Bi2Se3 is shown to be protected even up to 300 K. These
experiments suggest the great potential of the topological insulator Bi2Se3 for applications in quantum
computing and spintronics operated at room temperature.[91, 92]
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Figure 1.17 Spin-helical Dirac electrons with spin-momentum locking in Ca doped Bi2Se3 and Bi2Te3
single crystals detected with spin-resolved ARPES. Adopted from Ref. [92].

One of the most important properties of topological insulators is the absence of elastic backscattering and
robustness against disorder for surface transport. The topological protection of the surface states can’t be
destroyed by weak time reversal symmetric perturbations.

1.2.7 Topological crystalline insulators

Figure 1.18 Crystal structure (a) and Brillouin zone (b) of 3D topological crystalline insulator SnTe.
Adopted from Ref. [93].
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Figure 1.19 Dirac-like band dispersion in SnTe. The topological surface states were measured with
ARPES. Adopted from Ref. [94].
Tin telluride (SnTe) is a narrow gap semiconductor with cubic symmetry and the rock-salt structure (see
Fig. 1.18), which has been applied in thermoelectric generators, mid-infrared detectors, and photovoltaic
devices.[95] Sn1−δTe is a superconductor with Tc below 0.3 K at a carrier density above 1020 cm−3, which
is interpreted with a multi-valley model.[96-98] As shown in Figure 1.12, SnTe has been confirmed as a
topological crystalline insulator by first-principles calculations and angle-resolved photoemission
spectroscopy (ARPES).[93, 94, 99] Topological crystalline insulators are a new type of topological
insulator with insulating bulk states and metallic surface states protected by the mirror symmetry of the
crystal rather than time reversal symmetry. Such symmetry can’t be broken by an external magnetic field.
Therefore, the surface states in topological crystalline insulators are protected from magnetic impurities.

1.2.8 Topological Kondo insulators

Kondo insulators are heavy fermion and strongly correlated systems with a narrow band gap of about10
meV. At low temperatures, the band gap opens due to the hybridization of localized f-electrons with
conduction d-electrons (see Fig. 1.20). The dc resistivity at low temperature means that the sample
behaves as an insulator when the chemical potential lies in the gap. The local magnetic moments from
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f-electrons are screened by the sea of conduction electrons, which forms the so-called Kondo resonance
and is responsible for the Kondo effect. At high temperatures, Kondo insulators are local moment metals,
with classic Curie susceptibilities. The dc-resistivity of Kondo insulators shows a logarithmic
temperature-dependence. Typical Kondo insulators are FeSi, Ce3Bi4Pt3, CeFe4P12, SmB6, YbB12, CeRhSb,
and CeNiSn.

Figure 1.20 Hybridization and the band gap due to the coherent Kondo screening of the local moments
by the sea of conduction electrons. Adopted from Wikipedia.

Samarium hexaboride (SmB6), a heavy-fermion Kondo insulator, is well known as a strongly correlated
electron system, in which the f-electrons hybridize with conduction p-electrons and form a narrow band
gap, Eg ≈ 15 meV.[100-102] In such a narrow gap semiconductor, one chronically puzzling issue is the
in-gap states, which are considered as the origins of the non-divergent low temperature resistivity.[103,
104] As shown in Figure 1.21, the Kondo insulator SmB6 has recently been theoretically predicted as a
topological insulator with true insulating bulk states [105-108] Surface states of SmB6 single crystals
have been observed through various electrical transport and spectroscopy measurements.[109-113] The
weak-antilocalization (WAL) effect and valley polarization of surface states have been observed in SmB6
single crystals.[114] Quantum oscillations demonstrated Fermi surfaces and Dirac points on the (100) and
(110) surfaces with light electrons.[115] STM revealed that the robust hybridization gap universally spans
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the Fermi level and surface states.[116] ARPES measurements also revealed electron-like bands with
linear dispersion and chirality of orbital momentum near the Fermi level (EF).[117-120] The surface
states are found to enclose the

and the

points of the surface Brillouin zone k-space and form

electron-like Fermi surface (FS) pockets. Therefore, the topological Kondo insulator SmB6 provides an
excellent platform to explore the intrinsic thermodynamics of topological surface states.

Figure 1.21 The crystal structure, surface states, and results of ARPES experiments on SmB6. Adopted
from Ref. [107, 121].

1.2.9 Topological magnetoelectric effects
21

The magnetoelectric effect (TME) is the phenomenon of magnetic polarization induced by applying an
external electric field, or electric polarization induced by applying an external magnetic field. The
topological TME is induced by charge polarization, P3. To obtain the TME effect, a T-breaking gap for
the side surface is necessary [Fig. 1.22 (a)].[122] As shown in Figure 1.22(b), a ferromagnetic layer with
magnetization pointing out of the cylinder’s surface induces a gap on the surface of the topological
insulator, which has a fixed Hall conductance, σH = (n +1/2) e2/h. When an electric field is applied
parallel to the cylinder, a circulating current j can be induced on the interface. This current is identical to
the current generated by a constant magnetization M which is anti-parallel to the electric field E. On the
contrary, when a magnetic field B is applied parallel to the cylinder, a circulating current is produced
parallel to the interface, which induces a Hall current j parallel or anti-parallel to the magnetic field B. As
a result, charge density is accumulated on the top and bottom surfaces and induces the charge
polarization.[69]

Figure 1.22 (a) A ferromagnetic layer on the surface of a topological insulator. (b) Bulk topological
magnetoelectric effect. Adopted from Ref. [122].

1.2.10 Image magnetic monopole

The TME effect can be used to image the magnetic monopole effect through putting an electric charge
near a topological surface state.[123] When an electric charge is put on the surface of a 3D topological
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insulator with gapped surface states by time-reversal (TR) symmetry breaking, the electric charge will
polarize the bulk dielectric, and an image electric charge appears inside the topological insulator. An
image magnetic monopole will also appear inside the topological insulator(Fig. 1.22).[123]

The magnetic field generated by the image magnetic monopole has been experimentally measured and
can be observed by a magnetic force microscope (MFM) (Figure 1.23). A scanning MFM tip can be
applied to detect the magnetic field distribution of the image monopole. The magnetic field contribution
from the magnetic monopole can also dominate and be distinguished from the contribution from surface
impurities and roughness.

Figure. 1.23 Image electric charge (left) and image magnetic monopole (right) due to an external electric
point charge. The image magnetic monopole induces a magnetic field that can be detected with a MFM.
Adopted from Ref. [123].

1.2.11 Topological superconductors

When topological insulators connect with ordinary superconductors, topological superconductors appear
due to the correlated interface states and the proximity effect.[124] Such topological superconductors are
predicted to host Majorana fermion excitations.[68] A Majorana fermion is a fermion that is its own
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antiparticle and was first predicted in the 1930s. The zero energy Majorana bound state is the simplest
non-Abelian excitation and is associated with a vortex in a spinless superconductor. A Majorana zero
mode has been proposed that can be realized in a superconducting vortex core by making use of the
surface states of 3D topological insulators.[125] Topological protection and non-Abelian exchange
statistics make the Majorana fermions promising for quantum computing. Signatures of Majorana
fermions have been reported in quantum wires coupled to conventional superconductors
(Figure 1.24).[126-128] Despite many experiments, however definitive observation of the Majorana states
has remained elusive.[127, 129]

Figure 1.24 Experimental set-ups for detecting the Majorana zero mode in a nanowire. Adopted from Ref.
[130].

1.2.12 Magnetotransport properties of 3D topological insulators

The surface states of 3D topological insulators are protected by time-reversal symmetry and are robust
against non-magnetic disorder. Nevertheless, surface states open up a gap in the presence of time-reversal
symmetry breaking perturbations, and the Dirac electrons become massive. Magnetic impurities such as
Fe, Co, and Mn dopants will induce a surface state gap. Moreover, theoretically, the quantized anomalous
Hall effect can emerge in magnetic topological insulators.[131] Such a quantum anomalous Hall effect
was observed experimentally soon after it was theoretically predicted in thin films of chromium-doped
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(Bi,Sb)2Te3 (see Figure 1.25). The gate-tuned anomalous Hall resistance reaches the predicted quantized
value of h/e2 at zero magnetic field.[132]

Figure 1.25 Experimental observation of the quantum anomalous Hall effect in a magnetic topological
insulator. At zero-field, the gate-tuned anomalous Hall resistance reaches the predicted quantized value of
h/e2, and the longitudinal resistance simultaneously drops sharply. Adopted from Ref. [132].

The Dirac fermions of surface states suggest enhanced quantum corrections of magnetoconductance.[133]
Spin-momentum locked surface states always show WAL effects due to strong spin-orbit coupling (SOC).
Aharonov–Bohm oscillations have also been observed in Bi2Se3 and Bi1−xSbx topological insulators.[134,
135] Non-saturating positive linear magnetoresistance (MR = (RB-R0)/R0) at high fields was observed in
Bi2Te3 films and Bi2Se3 nanoribbons.[136-138] Room temperature giant and linear MR were observed in
the topological insulator Bi2Te3 in the form of nanosheets with a few quintuple layers (see Fig.
1.26 ).[139] The giant, linear MR that was achieved was as high as over 600% at room temperature,
without any sign of saturation at measured fields up to 13 T. The observed linear MR was attributed to the
quantum linear MR model developed by Abrikosov.[140, 141]
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Figure 1.26 Room temperature giant and linear MR in 20 nm thick nanosheets of the topological
insulator Bi2Te3. Adopted from Ref. [139].

Actually, the transport behavior of topological insulators reflects the combined contributions of surface
states and bulk states due to the metallic bulk. A weak localization (WL) effect emerges when the time
reversal symmetry is broken and a gap opens in surface states.[142-144] Competition between WAL and
WL has been observed in the topological insulator thin film Bi2-xCrxSe3 and (Bi0.57Sb0.43)2Te3 (see Figure
1.27).[145-147] The WL has been attributed to the 2D quantized channels of bulk states.[147]

Figure 1.27 Competing WL and WAL in ultrathin topological insulator thin films of Bi2-xCrxSe3 and
(Bi0.57Sb0.43)2Te3. Adopted from Ref. [145, 146].

26

The surface states of 3D topological insulators have high carrier mobility and the Shubnikov-de Haas
(SdH) effect can appear in the presence of very intense magnetic fields.[148] The SdH effect is a
macroscopic manifestation of the inherent quantum mechanical nature of matter. The SdH effect is a
convincing tool for characterizing quantum transport in electronic materials.[149] It can be used to isolate
the surface carriers and to determine their mobility and effective mass.[150] SdH effects were first
observed in 3D topological insulator Bi2Te3 single crystals, as shown in Fig. 1.28.[134] The surface
mobility of up to 9000 to 10,000 cm2/V·s was obtained based on SdH quantum oscillations, which is
substantially higher than in the bulk. The obtained Fermi velocity of 4 × 105 m/s agrees with the results
from angle-resolved photoemission measurements.
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Figure 1.28 Quantum oscillations and Hall anomaly of surface states in the topological insulator Bi2Te3.
Adopted from Ref. [134].

SdH quantum oscillations have also been observed in 3D topological insulators, Bi2Te2Se crystals, Bi2Te3
nanowires, and YPdBi crystals, as shown in Fig. 1.28.[148, 151, 152]

Figure 1.29 Measurements of the surface SdH oscillations on topological insulators (left) Bi2Te2Se and
(right) YPdBi crystals. Adopted from Ref. [148, 151, 152].

1.3 Dirac semimetal
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3D Dirac semimetals can be viewed as 3D generalization of graphene, which represent a novel state of
quantum matter.[153-155] In 3D Dirac semimetal, the conduction and valence band touch each other at
isolated points in momentum space. Several compounds including Metastable β-cristobalite BiO2, Na3Bi
and Cd3As2 have been predicted theoretically as 3D Dirac semimetals based on first-principle
calculation.[153-155] To date Na3Bi and Cd3As2 have been identified as 3D Dirac semimetal through
ARPES measurements (see Fig. 1.30).[156-158] The calculated mobility in Cd3As2 single crystals far
exceeds 20,000 cm2/V.s, which suggests potential application in electronic devices.

Figure 1.30 Observation of 3D bulk Dirac cone in Na3Bi and (right) Cd3As2 from ARPES experiments.
Adopted from Ref. [156-158].

Giant diamagnetism and linear quantum magnetoresistance will be expected for 3D Dirac
semimetals.[153-155] The conditions for quantum MR is extreme quantum limit, which is unique to
semi-metals and semiconductors with tiny pockets of the Fermi surface. Room-temperature low-field
linear MR is particular scientific interest and technological important for practical applications.
Room-temperature high-field LMR has been discovered in narrow-gap semiconductors Ag2+δSe, Ag2+δTe
and InSb compounds.[159-162] However, to date the materials with room-temperature low-field linear
MR are seldom discovered yet.
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Bulk Bi and Sb are group-V semimetals and have a small number of free electrons and holes due to a
weak overlap of valence and conduction bands.[163] Bi-Sb alloy is well-known and studied as excellent
thermoelectric material near room temperatures.[164] Recently, ARPES demonstrates that Bi1−xSbx at x =
0.10 belongs to the topological insulator phase by observing the odd number of band crossings of the
edge states at the Fermi level.[71, 165] As shown in Fig. 1.31, Bi1−xSbx can be tuned from topologically
trivial phase to topologically non-trivial phase through a critical point around x=0.04.[71, 86, 166, 167]
And the band structure at the Г point and the SOC strength depend on x.[167] However, up to now most
of the experimental studies have been conducted for Bi1−xSbx at the range of 0.07<x< 0.22. The Dirac
semimetal phase of Bi10.96Sb0.04 with small conduction electron effective mass has not been entirely
understood.[168, 169]

Figure 1.31 Schematic variation of bulk band energies of Bi1-xSbx as a function of x. Adopted from Ref.
[71, 86]

1.4 Conclusion
In summary, gapless Dirac electronic materials are different from most crystalline materials because their
electrons are governed not by the standard Schrödinger equation, but instead by the Dirac equation of
relativistic quantum mechanics.[170] The electrons in Dirac materials travel effectively as massless
particles, which allow them to reach much higher speeds. Electronic and magneto-transport are important
from both the view of fundamental physics and practical applications such as quantum computing and
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communicating devices. The purpose of this thesis is to investigate electronic and magneto-transport
properties of gapless Dirac materials.

Graphene, a 2D gapless material, demonstrates extraordinarily high mobility of up to 106 cm2V-1·s-1
owing to its chiral Dirac spectrum.[171] Such a fascinating property has great potential for next
generation electronics and optoelectronics.[8, 9] Topological insulators, 2D or 3D gapless materials, are
quantum materials with an insulating bulk state and a topologically protected metallic surface state with
spin and momentum helical locking and a Dirac-like band structure.[68, 69] Unique and fascinating
electronic properties, such as the quantum spin Hall effects, magnetoelectric effects, magnetic monopoles,
and elusive Majorana states, are expected from topological insulators. 3D Dirac semimetals can be
viewed as 3D generalization of graphene, which represent a novel state of quantum matter. Recently,
Na3Bi and Cd3As2 have been identified as 3D gapless Dirac semimetal through ARPES
measurements.[156-158] The calculated mobility in nanostructured Cd3As2 single crystals exceeds 107
cm2/V.s, which suggests potential application in electronic devices.[172] Therefore, I selected the above
materials for my PhD project and thesis.
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Chapter 2 Experimental Techniques
2.1 Material fabrication
The materials studied in this thesis include vertical graphene, three dimensional topological insulators and
Dirac semimetals. The compounds include multi-layer graphene, single crystals and thin films of Sb2Te3,
Bi2Te3, SnTe, SmB6 and Bi0.96Sb0.04. The Experimental lattice parameters of several topological insulators
are listed in Table 2.1.[1] The vertical graphene is grown through plasma enhanced chemical vapor
deposition. The polycrystalline materials are fabricated through solid phase reaction methods with
furnaces and the single crystals are grown through flux methods with furnaces. The method is able to
grow high quality gapless materials.

Table 2.1 Experimental lattice parameters of the topological insulator compounds. Adopted from
reference [1].
Table 2.1

2.1.1 Solid phase reaction
Solid state reaction was used to prepare polycrystalline samples from a mixture of solid materials. As the
first step, the reactants need to be pressed into pellets at high pressure. Then, the pellets are sintered in a
furnace (see Figure 2.1). The mixed solids are heated to high temperatures in order for the reaction to
occur at an appreciable rate. The factors that affect the reaction include the reaction conditions, structural
properties of the reactants, surface area of the solids, their reactivity, and the thermodynamic free energy
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change associated with the reaction. Generally, the products are crushed, ground, pressed into pellets, and
sintered again several times. For instance, the polycrystalline of topological insulator SnTe was made by
heating the mixture of Sn and Te with the atomic ratio of Sn : Te = 51 : 49 in an evacuated and sealed
quartz tube at 500 oC for 48 h. The Sn-rich composition of the target avoids the Sn-deficient phase of
SnTe. Polycrystallines of high purity SmB6 were fabricated in a vacuum furnace with 900 ˚C high
temperature and 7 bar high pressure. The SmB6 sample is in a shape of bars with typical dimensions of
about 2 × 2 × 10 mm3.

Figure 2.1 Furnace for sample fabrication by solid state reaction.

2.1.2 Single crystal growth
Single crystals of the topological insulators Sb2Te3 and Bi2Te3 were fabricated by slowly cooling binary
melts of varying Sb/Te or Bi/Te ratios in a furnace. The mixture was sealed in quartz under a partial
pressure of argon. The mixture was heated to a temperature of 800 oC over 14 hours, held for an
additional 6 hours, then cooled to 500 oC for 100 hours, and finally, the furnace was naturally cooled to
room temperature.
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Single crystals of the topological insulator SmB6 were fabricated by the molten aluminum flux method.
Weighed amounts of samarium, boron, and aluminum were placed in an alumina crucible and heated
slowly to 1500°C in a helium atmosphere. Various cooling ramps of up to 10 hours were used to cool the
solution to the melting point of aluminum, 670 °C. The crystals were extracted by dissolving the
aluminum from them in a warm, concentrated NaOH solution. To optimize the sample quality, in these
preparations, the Sm to B atomic ratio was varied from 1:4 to 1:8, and the atomic ratio of Sm to A1 was
varied from 1:17 to 1:393.

2.1.3 Thin film deposition
Pulsed laser deposition (PLD) was used to fabricate high quality films of topological insulators. The
system is based on a target manipulator and a substrate carrier which is mounted in a vacuum chamber
(see Figure 2.2). An excimer laser is used to energize the surface of a target to produce a deposition
plume. In the vacuum chamber, elementary or alloy targets are struck at an angle of 90 by a pulsed and
focused laser beam. The substrates are attached with the surface parallel to the target surface at a set
target-to-substrate distance. The PLD process can generally be divided into four stages: laser ablation of
the target, plasma ejection, deposition and growth of the film on the substrate. When the laser pulse is
absorbed by the target, energy is converted into electronic excitation and then into thermal, chemical, and
mechanical energy, resulting in evaporation, ablation, plasma formation, and even exfoliation. The
ejected species expand into the surrounding vacuum in the form of a plume containing many energetic
species, including atoms, molecules, electrons, ions, clusters, particulates, and molten globules, before
deposition on the typically hot substrate. This process can occur in ultra-high vacuum or in the presence
of a background gas such as oxygen, which is commonly used when depositing oxides to fully oxygenate
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the deposited films. The thin films of Sb2Te3, Bi2Te3, SnTe, SmB6 and Bi0.96Sb0.04 compounds were
fabricated with PLD. For instance, prior to growth, the temperatures of the substrates were preheated at
500 oC and kept constant during growth. The deposition time was 30m. SnTe thin films were grown on
the LaAlO3, MgO and SrTiO3 single crystal substrates.

Figure 2.2 (a) Basic components of the PLD system; (b) Photograph of PLD system. Adopted from
internet resources.

2.2 Material Characterizations
2.2.1 X-ray diffraction (XRD)
X-ray diffraction (XRD) is a non-destructive analytical technique for materials characterization. It is used
in the determination of crystal structure, chemical composition, physical properties, phase of matter, and
crystal orientation. XRD is based on observing the scattered intensity of an X-ray beam hitting a sample as
a function of the incident and scattered angle, polarization, and wavelength or energy. The basic
components and working principle are displayed in Figure 2.3. The interaction of the incident rays with the
sample produces constructive interference when the conditions satisfy Bragg's Law, which is expressed as
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nλ =2dsinθ. Here, d is the spacing between diffracting planes, θ is the incident angle, n is any integer, and
λ is the wavelength of the beam. In this thesis, all XRD measurements were performed in the step-scanning
mode θ - 2θ by using a GBC MMA diffractometer with a Cu-Kα radiation source (λ = 1.5418 Å).

Figure 2.3 (a) Basic components of an XRD system; (b) GBC MMA diffractometer system. Adopted from
internet resources.

2.2.2 Scanning electron microscopy (SEM)
The scanning electron microscope (SEM) is a microscope that uses electrons instead of light to form an
image (see Figure 2.4). The SEM provides topographical, morphological and compositional information
on the material surface and is popular in a variety of scientific and industrial applications. As shown in
Figure 2.4(a), the SEM consists of an electron optical column, a thermionic and field emission gun,
electrostatic lenses, a vacuum system, and several detectors. A beam of electrons is produced at the top of
the microscope by an electron gun. The electron beam follows a vertical path through the microscope,
which is held within a vacuum. The beam travels through electromagnetic fields and lenses, which focus
the beam down toward the sample. Once the beam hits the sample, electrons and X-rays are ejected from
the sample. Detectors collect these X-rays, backscattered electrons, and secondary electrons and convert
them into a signal that is sent to a screen similar to a television screen. This produces the final image. In
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the SEM, the magnification is determined by the electronic circuitry that scans the beam over the
specimen’s surface. The resolution of a SEM is determined by the beam diameter on the surface of the
specimen. The practical resolution also depends on the properties of the specimen, the specimen
preparation technique, and also on many instrumental parameters. Under optimum conditions, a
resolution of 1 nm can be achieved.

Figure 2.4 (a) Basic components of SEM system; (b) JEOL-7500 SEM system. Adopted from internet
resources.

The SEM system generally has the function of Energy dispersive X-ray spectroscopy (EDS), which is a
qualitative and quantitative X-ray microanalytical technique. It can provide information on the chemical
composition of a sample. The EDS technique detects X-rays emitted from the sample during
bombardment by an electron beam to characterize the elemental composition of the analyzed volume. An
EDS system has four primary components, an excitation source, an X-ray detector, a pulse processor, and
an analyzer. The electrons from the primary beam penetrate the sample and interact with the atoms from
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which it is made. The impact of the electron beam on the sample produces X-rays that are characteristic
of the elements present on the sample. EDS analysis can be used to determine the elemental composition
of individual points or to map out the lateral distribution of elements from the imaged area. The X-rays
are detected by an EDS detector, which displays the signal as a spectrum of intensity versus energy. The
spectrum is evaluated to determine the elemental composition of the sampled volume.

In this thesis, JEOL JSM-7001F was used to characterize the gapless materials. The JEOL JSM-7001F is a
30 kV analytical thermal field emission gun scanning electron microscope capable of 3 nm spatial
resolution. It is well suited for the detailed characterisation of conductive/coated samples. The large area
EDS detector enables rapid quantitative microanalysis and elemental mapping while the high resolution
EBSD system enables orientation mapping in scanning and transmission modes.

2.2.3 Transmission electron microscopy (TEM)
The transmission electron microscope (TEM) utilizes energetic electrons to provide morphologic,
compositional, and crystallographic information on samples. TEM forms an image through utilizing the
information contained in the electron waves exiting from the sample. TEMs are capable of imaging at a
significantly high resolution owing to the small de Broglie wavelength of electrons. As shown in Figure
2.5(a), TEM has several main components: an electron source, a vacuum system, the electron lens and
gun, the electron spectrometer, and the software. The incident electron beam interacts with specimens and
pass through the specimen, and these electrons falls in the phosphor screen, making contrast, which
becomes visible. The image on the fluorescent screen can be observed through a large window in the
projection chamber or in a computer display. A photograph of one TEM system is displayed in Figure
2.5(b).
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Figure 2.5 (a) Basic components of a TEM system; (b) photograph of TEM system. Adopted from internet
resources.

In this thesis, the JEOL JEM-ARM200F was used to characterize the gapless materials, graphene. The
JEOL JEM-ARM200F is a 200 kV aberration corrected (STEM) transmission microscope capable of
atomic resolution imaging. The scanning transmission image (STEM-HAADF) resolution is 0.08 nm and
is complimented by analytical capabilities at this scale. The cold field-emission gun source offers an
energy resolution of 0.3 eV. The large area EDS detector and GIF Quantum energy loss imaging filter
provide easy tools for measuring elemental distributions.

2.3 Property Measurements
2.3.1 Physical Property Measurement System (PPMS)
A physical properties measurement system (PPMS) is able to measure DC resistivity, AC transport
(including AC resistivity, the Hall coefficient, I-V curves, and critical current for superconductors),
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thermoelectricity, and heat capacity at different magnetic fields, pressures, and temperatures. The
magnetic field ranges from 0 to 14 T and the temperature ranges from 1.9 to 400 K. The vibrating sample
magnetometer (VSM) option in the PPMS is a fast and sensitive DC magnetometer. The system can
resolve magnetization changes of less than 10-6 emu at a data rate of 1 Hz. The VSM option can be used
to measure the magnetization dependence on external magnetic field (M-H curves) and magnetization
temperature dependence (M-T) curves for materials. A PPMS system is shown in Figure 2.6.

Figure 2.6 (a) Inner construction of PPMS system; (b) photograph of PPMS system. Adopted from the
manual of Quantum Design.
In this thesis, such a system was used to measure physical properties of bulk polycrystalline, single
crystals and thin films of gapless materials.

2.3.2 Magnetic Properties Measurement System (MPMS)
The magnetic properties measurement system (MPMS) with superconducting quantum interference
device (SQUID) magnetometry provides users with a sensitive magnetometer and multiple measurement
modes. The MPMS has controllable temperature ranging from 1.8 - 400K and magnetic field ranging
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from 0-7 T. The MPMS offers SQUID AC susceptibility measurements from 0.1 Hz to 1 kHz, with
sensitivity of 5 × l0-8 emu at 0 T. An MPMS system is shown in Figure 2.7.

Figure 2.7 MPMS system. Adopted from manual of Quantum Design.

In this thesis, such a system was used to measure the weak magnetization of thin films of gapless
materials.

[1] W. Zhang, R. Yu, H.-J. Zhang, X. Dai, and Z. Fang, New Journal of Physics 12 (2010).
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Chapter 3 Anisotropic magnetoresistance in topological insulator
Sb2Te3 single crystals

3.1 Introduction
Antimony telluride (Sb2Te3) compounds have rhombohedral structures, space group R3m (D53d) and are
well-known as narrow gap layered semiconductors.[1-3] In the past few years, Sb2Te3 crystals have been
intensively studied because of their excellent thermoelectric performances in the vicinity of room
temperatures.[4-6] Doping effects on thermoelectric properties have been studied to maximize the
thermoelectric figure of merit, ZT, which is of critical importance for any potential commercial usage of
thermoelectric energy conversion.[6] Sb2Te3 based semiconductors have been widely applied in
thermoelectric energy converters, refrigerators, and thermostats operating near room temperatures.[7-8]

The electronic properties and band structures of doped Sb2Te3 have been intensively inverstigated from
the Hall effects, Shubnikov-de Haas effects (SdH), and thermoelectric effects.[9-12] Many-valley model
was applied to estimate several parameters including the shape and orientation of the energy ellipsoids as
well as the density of carriers and the relaxation times. The anisotropy of the relaxation times and
effective masses of electrons in Fermi surface was also determined by the comparison of the observed
galvanomagnetic coefficients with those predicted from De Haas–van Alphen effects (dHvA)
experiments.[9-11]

Recently, Sb2Te3 was theoretically predicted as a topological insulator with robust and simple surface
states through first principle calculation.[13] Subsequently, this prediction was experimentally verified
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by angle resolved photoemission spectroscopy (ARPES) measurements.[14-16] Topological insulators are
quantum materials with an insulating bulk state and a topologically protected metallic surface state with
spin and momentum helical locking and a Dirac-like band structure.[17-19] Unique and fascinating
electronic properties, such as the quantum spin Hall effects, magnetoelectric effects, magnetic monopoles,
and elusive Majorana states, are expected from topological insulators.[20-21] Topological insulators have
great potential applications in spintronics and quantum information processing, as well as magnetoelectric
devices with higher energy efficiency.[22-23] Up to now, the surface states in topological insulators have
been mainly investigated by angle-resolved photoemission spectroscopy (ARPES), scanning tunneling
microscopy (STM) and theoretical calculations.[24-27]

To understand the thermoelectric and topological insulator properties and to investigate the possibility of
device applications, bulk magnetotransport measurements are indispensable.[28-29] Shubnikov-de Haas
and Aharonov–Bohm oscillations have been observed in Bi2Se3 and Bi1−xSbx topological insulators.[29-31]
And low temperature linear MR (MR=RB-R0/R0)*100) was observed in Bi2Te3 crystal flakes and Bi2Se3
nanoribbons.[28, 32] However, to the best of our knowledge, the magnetotransport study of Sb2Te3 is very
limited. Here, we investigate the anisotropic MR in Sb2Te3 single crystals over a broad range of
temperatures and magnetic fields. Giant MR was observed in Sb2Te3 bulk. The observed anisotropic MR
in Sb2Te3 single crystals could find applications in anisotropic magnetoelectronic devices.

3.2 Anisotropic in-plane MR in Bi doped Sb2Te3 single crystals
3.2.1 Experimental measurements
The Sb2Te3 single crystals with 9 % Bi doping used for this study were cleaved from (0001) plane of bulk
crystals with 99.99% purity. Four-probe transport measurements were performed on a rectangular sample
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with dimensions of 4 × 3 × 0.16 mm3 between 2.5 and 200 K using a Quantum Design 14 T Physical
Properties Measurement System (PPMS). The resistance was obtained by applying an electric current I
(typically 500 μA) through the two outer contacts and monitoring the voltage drop V between the two
inner contacts (typical spacing 1 mm), as shown in the inset of Fig. 3.1. The current I was applied in the
plane, and the magnetic field B was applied perpendicular to the current direction. For some selected
magnetic field directions, the field dependence of the MR was measured by sweeping B between 0 and 13
T. Rotation of the sample in constant magnetic field B was used to measure the in-plane anisotropic MR.
In the Hall effect measurements, the current was also 500 μA and applied in the plane. The field was
increased from 0 to 13 T and was applied perpendicular to the plane. The temperature was fixed at 100 K,
and the voltage was detected perpendicular to both the current direction and the field direction.

3.2.2 Temperature dependent resistivity and Hall resistance
Figure 3.1 shows the temperature dependence of the resistivity of a Bi doped Sb2Te3 crystal measured in
both zero and 13 T. It can be seen that the resistivity in both zero field and 13 T decreases with the
temperatures ranging from 200 K to 10 K. Such metallic R(T) curves are typical behavior for Bi doped
Sb2Te3 and result from the hole-type bulk carriers induced by Sb-Te antisite defects.[33] At high
temperatures, the main scattering is phonons and defect scattering, while at low temperatures the
dominant scattering is carrier scattering. The Hall coefficient RHall (Fig 3.1) is positive in magnetic fields
up to 13 T. From the Hall measurements, we determined that the bulk carrier density n is about 2 × 1019
cm-3, and the bulk carrier mobility μ is 1900 cm2/Vs.
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Figure 3.1 Resistivity of p-type Sb2Te3 as a function of temperatures in 0 T and 13 T. The insets show the
measurement schematic diagram (left) and Hall resistance as a function of field at 100 K (right).

3.2.3 In-plane MR of Bi doped Sb2Te3 single crystals
Figure 3.2 displays the MR measured at several temperatures in 13 T and θ = 0 (B//C3). The MR
gradually increases as the temperature is decreased. The maximum value of MR in Bi doped Sb 2Te3
reaches up to 230% in 13 T at 2.5 K. At low magnetic fields, the MR exhibits an almost quadratic field
dependence for all the temperatures, which can be fitted by MR = kB2, with k a constant. The
parabola-like B dependence of MR is likely due to the Lorentzian deflection of scattering carriers under
the perpendicular magnetic field and is a bulk-dominated effect. The hole executes cyclotron orbits,
thereby shortening the mean free path, and thus increasing the resistance. The pattern of curves evolves
linearly in applied higher magnetic fields, which might result from scattering holes with open orbits. The
inset of Figure 3.2 shows the strong anisotropic MR in the Bi doped Sb2Te3 at 2.5 K through the
comparison of MR with H//ab and H//C3 (0 and 90).
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Figure 3.2 MR as a function of magnetic fields for several temperatures from 2.5 K to 200 K. The inset
shows a comparison of MR under out-of-plane and in-plane fields of 13 T at 2.5 K.

3.2.4 In-plane MR anisotropy of Bi doped Sb2Te3 single crystals
Figure 3.3(a) shows polar plots of the angular dependence of the MR measured in several magnetic fields
at 2.5 K. The magnetic fields, ranging from 4 to 13 T, were kept constant during each rotation. The
observed angular dependence of the MR displays strong anisotropy and a twofold symmetry. Wide peaks
appear around the perpendicular field configuration (about θ = 15º, 195º) and dips around the parallel
field configuration (about θ = 105º, 285º). This suggests that the MR is most strongly pronounced in
out-of-plane high fields. In contrast, the MR anisotropy ratio (defined as (MRθ-MRmin)/MRmin×100%)
increases with magnetic fields decreasing and reaches a maximum of 210% in 4 T at 2.5 K, as presented
in Figure. 3.3(b). This suggests that the MR anisotropy ratio is most strongly pronounced in low fields at
a fixed temperature. The common feature is that the peaks and dips of the plots are present at the same θ
values.
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Figure 3.3 Polar plots of (a) angular dependences of MR and (b) anisotropy ratios of MR at 2.5 K in
different fields.

Figure 3.4 Polar plots of (a) angular dependences of MR and (b) anisotropy ratios of MR in 13 T at
different temperatures.

Figure 3.4(a) displays polar plots of the angular dependence of the MR measured at 13 T for various
temperatures. The temperatures, ranging from 200 to 2.5 K, were kept constant during each rotation. The
observed angular dependence of the MR displays anisotropic features and a twofold symmetry, which is
similar to that shown in Figure 3.3. Furthermore, both the MR and the MR anisotropy ratio are strongly
pronounced at low temperatures.
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3.2.5 Qualitative analysis of experimental results
The well established Kohler's rule suggests that the MR of a material is a universal function of B as a
result of the Lorentz force deflection of carriers. At high field, most materials show saturating MR.
Therefore, such a giant anisotropic non-saturating MR in our Bi doped Sb2Te3 bulk crystals is unusual.
Linear quantum-MR theory was originally developed by Abrikosov based on gapless semiconductors and
at the extreme quantum limit to explain the observed giant linear MR in doped silver chalcogenide.[34]
However, it is difficult to reach the extreme quantum limit in our Bi doped Sb2Te3 because of high hole
density. Metals that contain Fermi surfaces with open orbitals in some crystallographic directions,
including Cu, Ag, Au, Mg, Zn, Sn, Pb and Pt, will also exhibit large no-saturated MR for fields applied in
those directions. These MR are positive and linear in high magnetic fields. And, they present obvious
anisotropy because of anisotropy of Fermi Surface, which are similar what we observed in p-type
topological insulator Sb2Te3. In addition, no-saturated MR can occur in semiconductors as a consequence
of strong electrical disorder, which is related to the carrier mobility but independent of carrier density.
They are also positive and have transitions from quadratic field dependence at low fields to a linear
dependence at higher fields. And the high-field MR was found to be linear at all temperatures ranges.[35]

The giant and high-field linear MR with twofold symmetry of anisotropy in our samples is likely to be
related to the configurations of the valence bands. The valence bands of undoped Sb2Te3 are multi-valley
bands and consist of upper and lower valence bands. Sb2Te3 has a non-spherical Fermi surface consisting
of six ellipsoids tilted at an angle to the basal plane, where the two valence bands are responsible for
conduction.[36] Both valence bands are filled by holes with different mobilities, effective masses, and
concentrations in different valleys. The non-saturating linear MR suggests that holes have open orbits
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along the Fermi surface, because the MR should saturate at high B if the orbits are closed in high fields.
Doping not only increases the density of holes and decreases the mobility of holes, but also increases the
additional impurity scattering. The main mechanisms of scattering in Bi doped Sb2Te3 are acoustic
phonon scattering, impurity scattering, and intravalley and intervalley scattering. The giant MR might
come from intravalley and intervalley scattering in the upper valence band and impurity scattering from
doping induced impurity bands. Furthermore, the upper and lower valence bands in Sb2Te3 are anisotropic,
with effective mass anisotropy of about 3.8, due to the anisotropy of the ellipsoidal hole pockets. The hole
scattering and the relaxation time are anisotropic due to the anisotropy of the ellipsoidal hole pockets. The
giant anisotropic MR might result from the anisotropy of the Fermi surface in p-type Bi doped Sb2Te3.

3.2.6 Conclusion
In conclusion, we measured angular dependent MR in p-type Bi doped Sb2Te3 single crystals in different
magnetic fields and temperatures. Giant MR and strong anisotropy of MR were observed, especially in
high magnetic fields and low temperatures. The giant MR might result from intravalley and intervalley
scattering of holes and the strong anisotropy might result from the anisotropic carrier mobility, relaxation
time and effective mass in Fermi surface. Based on the observed giant, high field linear MR and strong
anisotropy, the Bi doped Sb2Te3 single crystals might

have potential applications in anisotropic

magneto-electronic devices, such as anisotropic magnetic field sensors, operated at low temperatures and
high fields.

3.3 Anisotropic interlayer MR of Sb2Te3 single crystals
3.3.1 Experimental measurements
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The p-type Sb2Te3 single crystals used for this study were cleaved from

(0001) plane of bulk crystals

with high purity. Four-probe transport measurements were performed on a rectangular sample with
dimensions of 3 × 1.15 × 1.15 mm3 between 2 K and 300 K PPMS. The applied electric current I is 5000
μA, as shown in the inset of Fig. 3.5 The current I was applied along the C3 axis, and the magnetic field B
was applied in C2C3 plane. For some selected magnetic field directions, the field dependence of the
interlayer MR was measured by sweeping B between 0 T and 13 T. Rotation of the sample in constant
magnetic field B was used to measure the anisotropic interlayer MR.

3.3.2 Interlayer resistivity and MR of Sb2Te3 single crystals
Figure 3.5 shows the temperature dependence of the interlayer resistivity of a p-type Sb2Te3 crystal
measured in 0 T. It can be seen that the interlayer resistivity in 0 T decreases with the temperature and
stays constant from 10 K down to 2 K. Such metallic R (T) curves are typical behavior for doped Sb2Te3
and result from the hole-type bulk carriers induced by Sb-Te anti-site defects. From the Hall
measurements, we determined that the bulk carrier density n is about 2 × 1019 cm-3, and the bulk carrier
mobility μ is 1900 cm2/Vs, in agreement with what has been reported for typical p-type Sb2Te3 bulks.[10]
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Figure 3.5 Interlayer resistivity of p-type Sb2Te3 as a function of temperatures in zero field. The insets
show the measurement schematic diagram.
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Figure 3.6 Interlayer MR as a function of magnetic fields at 0 degree for several temperatures.

3.3.3 Interlayer MR anisotropy of Sb2Te3 single crystals
Figure 3.6 displays the interlayer MR measured at several temperatures in 13 T and θ = 0. At low
magnetic fields, the interlayer MR exhibits an almost quadratic field dependence for all the temperatures,
which can be fitted by MR = kB2, with k a constant. The parabola-like B dependence of MR is likely due
to the Lorentzian deflection of carriers under the perpendicular magnetic field and is a bulk-dominated
effect. The electron executes cyclotron orbits, thereby shortening the mean free path, and thus increasing
the resistance. It should be noted that what is remarkable is that the pattern of curves evolves linearly in
applied higher magnetic field, and the linearity is observed at all selected degrees. The interlayer MR is
always positive and gradually increases as the temperatures are decreased. The maximum interlayer MR
reaches up to 400%, in 13 T and 2 K. Note that the giant interlayer MR is likely to be due to the bulk
states instead of the topological surface states.
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Figure 3.7 Angular dependences of interlayer MR at 2 K in different fields.

Figure 3.7 shows the angle dependence of the interlayer MR measured in several magnetic fields at 2 K.
The magnetic fields, ranging from 1 T to 13 T, were kept constant during each rotation. The observed
angular dependence of the interlayer MR displays strong anisotropy and a twofold symmetry. Wide peaks
appear around the perpendicular field configuration (about θ = 0º, 180º) and dips around the parallel field
configuration (about θ = 90º, 270º). This suggests that the MR is most strongly pronounced in
out-of-plane high fields. The interlayer MR anisotropy is most strongly pronounced in high fields at a
fixed temperature. Figure 3.8 displays the angle-dependence of the interlayer MR measured at 13 T for
various temperatures. The temperatures, ranging from 300 K to 2 K, were kept constant during each
rotation. The observed angle dependence of the interlayer MR also displays anisotropic features and a
twofold symmetry. The interlayer MR anisotropy and oscillations are strongly pronounced at low
temperatures.
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Figure 3.8 Angular dependences of interlayer MR in 13 T at different temperatures.

3.3.4 Conclusions
In conclusion, we measured angle dependent interlayer MR in p-type Sb2Te3 single crystal and observed
giant interlayer MR of up to 400%, which shows strong anisotropy and twofold oscillations. The giant
interlayer MR might be due to intra-valley and inter-valley scattering, and the strong anisotropy might
result from an anisotropic Fermi surface. The observed giant anisotropic interlayer MR has potential in
magneto-electric applications, such as anisotropic magnetic sensors.

3.4 Field-induced valley polarization in Sb2Te3 single crystals

3.4.1 Background
In layered compounds, a flow of Dirac carriers (different from Dirac points of surface states) along the
interlayer is extremely sensitive to the orientation of an in-plane magnetic field due to in-plane mass
anisotropy. The interlayer conductivity of carriers could be the sum of each valley’s contribution in a
multivalley system. A rotatable in-plane magnetic field can be applied as a valley valve to tune the
contribution of each valley to the total conductivity and the MR. Field-induced polarization of Dirac
valleys has been investigated in semi-metallic bismuth (Bi) in a rotatable in-plane magnetic field.[10] A
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three-fold symmetry of angular-dependent MR was observed in bismuth because of the huge in-plane
mass anisotropy. Angular-dependent interlayer MR has also been successfully applied to map the 2D
Fermi surface (FS) and investigate in-plane anisotropy of layered metals and high temperature
superconductors.[37-40] Compared with ARPES measurements, which are sensitive to surface conditions,
and Shubnikov-de Haas oscillations, angular-dependent interlayer MR measurements can provide bulk FS
topology information at higher temperatures and lower fields directly. Motivated by these experimental
observations, we have investigated angular-dependent interlayer MR in p-type Sb2Te3 and observed six
inequivalent peaks corresponding to six field-induced polarized valleys. The six inequivalent peaks reflect
strong anisotropy of carrier scattering time and effective mass in the six valleys and their inequivalent
contributions to total interlayer conductivity.

3.4.2 Experimental measurements
The Sb2Te3 single crystals can easily be cleaved along the interlayer, (0001) plane. The Fig. 3.9 is a
schematic view of the experiment configuration and the crystal axes. The p-type Sb2Te3 sample 4 × 4 × 5
mm3 in size was cleaved from a bulk crystal with 99.99% purity. Four-probe method measurements of
interlayer magneto-transport between 2 K and 300 K were conducted using a Quantum Design 14 T
Physical Properties Measurement System (PPMS). A sample rotator was used to perform the
measurements at different field orientations. The applied AC bias current was 5 mA, directed along the
interlayer (C3 axis). The resistance measurements were also along the interlayer with an in-plane
magnetic field. Rotations of the sample in a constant ﬁeld and temperature were used to measure the
angular dependence of the interlayer MR.
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Figure 3.9 The schematic view of experiment configuration and crystal axes.

3.4.3 Interlayer MR of Sb2Te3 single crystals
Figure 3.10 presents a series of measurements of the interlayer MR as a function of in-plane fields at
different degrees. The interlayer MR of the p-type Sb2Te3 crystal is proportional to the square of the
magnetic field at low magnetic fields and shows linearity at high fields. The MR increases with
decreasing temperature and reaches the maximum of 160% at 2 K (φ = 0, B = 13 T).
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Figure 3.10 Angular dependence of interlayer MR as a function of field at different degrees at 2 K.

Recently, we have observed room temperature giant and linear MR in the topological insulator Bi2Te3
nanosheets with a few quintuple layers.[41] The giant, linear MR achieved is as high as over 600% at
room temperature without any sign of saturation at measured fields up to 13 T and was attributed to the
quantum linear MR model developed by Abrikosov.[41] Due to high bulk hole concentration, the
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observed interlayer MR should result from bulk states rather than quantum linear MR from surface states.
The charge carriers traveling along the interlayer are holes, and the interlayer MR is determined by the
mobility of these carriers. The intra-valley and inter-valley scattering and Coulomb hole-hole interaction
in the upper valence band result in the observed interlayer MR.[41] Impurity scattering might also play a
role in the giant interlayer MR as well.

3.4.4 Interlayer MR anisotropy with rotated in-plane magnetic feilds
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Figure 3.11 (a) Angular-dependent interlayer MR as a function of angular at different temperatures in 13
T in-plane magnetic fields. (b) Angular-dependent interlayer MR as a function of angular in different
in-plane magnetic fields at 2 K.

Figure 3.11(a) displays the angular-dependent interlayer MR for the Sb2Te3 at different temperatures: 2 K,
10 K, and 50 K in 13 T. On rotating the sample within the in-plane, the angular-dependent interlayer MR
oscillation follows a six-fold oscillations with two relative higher peaks at around 0° (360°) and 180°, and
four relative lower peaks (crossed by dotted line) at around 60° 120°, 240° and 300° over the entire
temperature range. With decreasing temperatures and increasing fields, the interlayer MR increases and
the six peaks become more pronounced. This originates from the anisotropy of scattering time in six
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valleys, which is temperature dependent. Figure 3.12(b) presents the angular-dependent interlayer MR in
different in-plane fields: 6 T, 9 T, and 13 T, at 2 K. The values of interlayer MR increase with increasing
field, and the six peaks are most pronounced in high fields. The MR appears in the form of peaks when
the in-plane magnetic field is oriented parallel or anti-parallel to each valley. Actually, the six-fold
oscillations are expected for the Sb2Te3 system with six valleys, while the strong anisotropy is beyond our
prediction. Compared with six-fold symmetry in Bi, the six peaks in angular-dependent interlayer MR in
Sb2Te3 are not symmetric and represent great differentiation. This differentiation might result from the
differences of the carrier pockets and mass anisotropy in Bi and Sb2Te3. The temperature dependences of
interlayer MR in Sb2Te3 are also different with the temperature and field dependence in Bi. The six-fold
symmetry is spontaneously lost at lower temperatures and higher fields in Bi, which was attributed to a
called nematic valley scenario and possible crystalline imperfections in used sample.[41]

3.4.5 Qualitative analysis of experimental results
The ellipsoidal non-parabolic band model (Drabble-Wolf model) quite accurately describes the energy
spectrum of the upper valence bands of Sb2Te3. The FS of p-type Sb2Te3 always resides deep in the bulk
valence bands. The valence band splits into two sub-bands with an energy difference: the upper valence
bands (UVB) and the lower valence bands (LVB).[42] The UVB has six general ellipsoidal valleys, and
each ellipsoid is centered on a mirror plane of the Brillouin zone. The six ellipsoidal valleys in both
valence bands of Sb2Te3 are hexaellipsoidal and tilted with respect to the basal plane by a 45° angle.[43]
The band gap Eg in Sb2Te3 is approximately 0.25 meV at room temperature and 0.26 meV at 4.2 K.[44]
The energy gap ∆E between the UVB and LVB is about 30 meV for Sb2Te3.[10] Due to the high initial
concentration of holes and the high Fermi energy in Sb2Te3, both valence bands were filled by holes. The
hole carriers in the lower valence bands are heavy holes with lower mobility, while in the upper valence
band, they are light holes with higher mobility. Both valence bands of Sb2Te3 consist of six ellipsoidal
valleys tilted with respect to the basal plane, but the upper valence band is the one that mainly contributes
to the bulk conductance. The anisotropies of effective mass (m*), scattering time (τ) and mobility (μ) in
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doped Sb2Te3 and Bi2Te3 were discovered through photoinduced transient thermoelectric effects.[45] The
observed transient thermoelectric effects indicated a multirelaxation process for the carriers.

\

Figure 3.12 (a) A schematic cross-section view of valleys in Kx–Ky plane of the Brillouin zone without
fields. (b) Schematic representation of polarized valley model fitted to the observed angular dependent
interlayer MR in a rotatable in-plane magnetic field. The interlayer conductivity is the sum of
contributions from six polarized valleys.

In the presence of effective mass anisotropy, anisotropic interlayer MR can be expected in an in-plane
magnetic field. In this multivalley system, the interlayer conductivity represents the sum of the
contributions from each valley in the energy bands in an in-plane magnetic field. The contributions from
each of the six valleys can be modulated as the sample is rotated, and the interlayer MR can become an
effective valley valve. In our case, the holes in the UVB of p-type Sb2Te3 dominate the total bulk
conductivity. Figure 3.12 displays the schematic cross-section of six valleys in the UVB of Sb2Te3 with
and without in-plane magnetic field. The in-plane shape of field polarized valleys in the Fermi surface has
been reconstructed based on the angular dependent interlayer MR in Sb2Te3. The valley degeneracy loses
due to hole-hole Coulomb interaction and scattering in the presence of a strong in-plane magnetic field.
The Coulomb interactions involve inter-valley and intra-valley scattering processes. With in-plane mass
anisotropy, the Coulomb interaction energetically favors a spontaneous imbalance in the occupation of
different valleys.[46-47] The angular dependence of interlayer MR is determined by the angular
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dependence of the cyclotron frequency, which is governed by the anisotropy of the cyclotron mass and the
scattering time. The dominant contributions to interlayer conductivity are from the valley parts, where the
Fermi velocities of carriers are parallel to the in-plane fields.[37] Such carriers preserve their interlayer
velocities and have large current components in the interlayer direction. The interlayer conductivity will
take its maximum, and the MR will take its minimum when the field is perpendicular to flat regions of the
Fermi surface. The MR peaks are related to the vanishing of the electronic group velocity perpendicular
to the layers. Therefore, six inequivalent angular-dependent interlayer MR peaks are expected in the
p-type topological insulator Sb2Te3, with anisotropic six-fold valley degeneracy and Dirac dispersion
(different from the dispersion of surface states) in each valley.

3.4.6 Theoretical calculations of interlayer conductivity
In this multi-valley system, in presence of an in-plane magnetic field, the electric interlayer conductivity
is expected to be the sum of the contributions by individual valleys. In the case of Sb2Te3:
(1)
where the conductivity of hole pockets are indexed by

. Inspired by the fitting for conductivity of Bi in

reference [48], our experimental data also can be fitted by an empirical formula:

(2)

In this configuration, unlike the

in Bi,

is the maximal

when the field locates at one

valley and is different in each valley because the angular dependent interlayer

is asymmetrical. The

is a given parameter and represents the anisotropy of interlayer conductivity. Here,

and

also

have temperature and magnetic field dependences.

Sb2Te3 has a rhombohedral crystal structure and in the Fermi surface carrier dispersion law is a sum of the
in-plane and interlayer terms:
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(3)
where
law

is the carrier energy. For the in-plane dispersion law

(kx, ky) and for interlayer dispersion

(kx, ky, kz).

Here kx, ky and kz are the electron wave vectors along the a, b and c.

(4)
Here a = 25 Å and d = 2.02 Å (c = 30.35 Å) are the lattice constant and the layer to layer spacing of
crystal structure. Within a semi-classical picture, the electron wave vector k changes in time t according
to the Lorentz equation of motion for a hole in a magnetic field:
(5)

where

, e, ħ, c are the hole charge, Planck constant and speed of light, respectively. The interlayer

conductivity tensor

can be obtained by solving the linearized Boltzmann equation in the

approximation:[49]

(6)
When the field B is oriented perpendicular to the current I, the cyclotron motion is approximately parallel
to kz. A strong field localizes all holes except those that have an in-plane velocity that is parallel to B and
feel zero Lorentz force. Therefore, in this case, the interlayer velocity vz and dispersion law
neglected. Consequently, the interlayer conductivity

can be

can be expressed as:

(7)
Similar equations were also obtained in Ref. [50] and [51].
Here

(8)
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is the frequency of the electron motion across the Brillouin zone in the kz direction. where t⊥ is the
interlayer hopping amplitude, d is the interlayer space and
constant.

. e is hole charge, which keeps

is the hole cyclotron frequency. In a weak in-plane B,

the valleys represent closed orbits and in a strong in-plane B,

he holes in

holes with open orbits arise.

This can be confirmed from the observed high field, non-saturated, linear interlayer MR in figure 3.10
However, small amount of holes with closed orbits also exist in a strong B. Based on the above formula,
the angular dependences of interlayer MR on the orientation of B can be understood by considering the
cyclotron frequency

and the velocity v. Those holes that travel across interlayer with maximal

give rise to minimum

and maximal

, where the in-plane B is perpendicular to flat regions

of the Fermi surface. Therefore, as shown in figure 3.12(b), the steepest valleys in the Fermi surface
locate at 0° (360°) and 180° with maximal

appear when B is perpendicular to these regions. In

additions, a strong in-plane B localizes all holes except those that feel zero Lorentz force, which have an
in-plane velocity parallel to B and contribute to
to

. So, at 0° (360°) and 180°, the holes that contributes

have maximal velocity v and perpendicular to the magnetic fields. On the contrary, when the

magnetic fields locate at 60°, 120°, 240° and 300°, the

is smaller and these valleys that locate at

these positions are more flat. And at these degrees, the perpendicular hole velocity v and

are also

smaller.

3.4.7 Conclusions
In summary, we used the angular dependences of interlayer MR under an in-plane magnetic field to study
the field-induced polarization of valleys in the Sb2Te3 single crystals. Giant and high field linear
interlayer MR and six unequal peaks were observed in angular-dependent interlayer MR. We hope that
this work will stimulate similar experiments and analysis to investigate magnetic field induced
polarization of valleys in other 3D topological insulators such as Bi2Te3 and Bi2Se3, as well as other
multi-valley layered compounds.
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Chapter 4 Anisotropic MR in topological insulator Bi2Te3 single
crystals
4.1 Introduction
Bismuth telluride (Bi2Te3) has a rhombohedral structure, space group R3m (D53d), and is well-known as a
narrow gap (band gap energy, Eg  0.2 eV) layered semiconductor.[1] In the past few years, Bi2Te3
crystals have been intensively studied because of their excellent thermoelectric performance at the
vicinity of room temperature.[2,3] And Bi2Te3 based semiconductors have been widely applied in
thermoelectric energy converters, refrigerators, and thermostats operating near room temperatures.
Recently, Bi2Te3 compounds were confirmed as three-dimensional topological insulators by angle
resolved photoemission spectroscopy (ARPES) measurements and band structure calculations.[4,5]
Topological insulators have been mainly investigated by ARPES, scanning tunneling microscopy (STM),
and theoretical calculations.[6] Topological insulators are quantum materials with insulating bulk states
and topologically protected metallic surface states. They have fascinating electronic properties and
potential applications in quantum information processing, magnetoelectric devices and other
spintronics.[7]

The electrical properties and band structure parameters of Bi2Te3 have been systemically studied through
magnetotransport measurements within the last few decades. The Hall effect, Shubnikov-de Haas effect
(SdH) and the thermoelectric effect have been investigated in Sb, Sn, Ag and Ga doped Bi 2Te3.[8,9] A
many-valley model was applied to estimate several parameters, including the shape and orientation of the
energy ellipsoids, as well as the density of carriers and the relaxation time.[10] The MR effects (defined
as (RB-R0/R0)×100% with RB and R0 the resistance with and without magnetic field, respectively) have
also been studied in Bi2Te3.[11,12] The transverse MR value is 200% in a 410 0C Te annealed Bi2Te3
crystal in a magnetic field of 9 T applied along the c-axis at 1.8 K. The anisotropy of the electrical
conductivity in n-type Bi2Te3 have been measured and the mass parameters of the ellipsoids were
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calculated with the six-valley ellipsoid model in the isotropic relaxation time approximation.[13,14,15]
Recently, Aharonov–Bohm oscillations have also been observed in Bi2Se3 and Bi1−xSbx topological
insulators.[16,17] Non-saturating positive linear MR (LMR) of up to 22% and 50% at high fields was
observed in Bi2Se3 films and nanoribbons.[18,19] Very recently, we have observed room temperature
giant and linear MR in the topological insulator Bi2Te3 in the form of nanosheets.[20] The thickness of
Bi2Te3 nanosheets is only 20 nm, corresponding to about 20 QL layers and the applied magnetic field is
perpendicular to the direction of current. The giant, linear MR achieved is as high as over 600% at room
temperature without any sign of saturation at measured fields up to 13 T. The observed linear MR was
attributed to the quantum linear MR model developed by Abrikosov.[21] It is still unknown whether the
LMR is actually due to the surface states or other mechanisms. The observed LMR, however, could
possibly allow topological insulators to be implemented as magnetic sensors regardless of its source.

Angular-dependent in-plane MR and Shubnikov-de Haas oscillations have been studied in topological
insulators Bi2Se3, Bi1-xSbx, PbS single crystals.[22,23,24] The observed angular-dependent oscillations
can be well simulated by using the parameters obtained from the Shubnikov-de Haas oscillations, which
clarifies that the oscillations are essentially due to the bulk Fermi surface. The results pave the way to
distinguish the 2D surface states from 3D bulk states in angular-dependent MR studies by completely
elucidating the bulk oscillations. Motivated by these experiments, here, we investigated the
angular-dependences of in-plane and interlayer MR in n-type Bi2Te3 bulk single crystals.
Angular-dependent MR doesn’t display Shubnikov-de Haas oscillations, however, giant, high field linear,
in-plane MR of up to 500% and interlayer MR of up to 200% were observed in Bi2Te3 bulk single crystals.
Both in-plane and interlayer MR displays strong angular-dependences of and twofold oscillations,
especially at low temperatures and high magnetic fields. Our experimental results show that the Bi 2Te3
bulk single crystals also have potential applications in anisotropic magnetoelectronic devices such as
anisotropic magnetic sensors.

4.2 Anisotropic in-plane and interlayer MR in Bi2Te3 single crystals
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4.2.1 Experimental measurements
The n-type Bi2Te3 single crystals used for this study were cleaved from (0001) plane of the same bulk
crystals (with 99.99% purity) that were used in reference 20. In the procedures for the in-plane
magnetotransport measurements, four-probe transport measurements were performed on a rectangular
sample between T = 2 K and T = 300 K using a Quantum Design 14 T Physical Properties Measurement
System (PPMS). The size of the sample was 4 × 3 × 0.16 mm 3, and the distance d between the two inner
contacts was 1 mm. The resistances were obtained by applying an electric current I (500 μA) through the
two outer silver contacts and monitoring the voltage drop V between the two inner contacts, as shown in
Fig. 1. The current I was applied in the plane and the magnetic field B was applied in the C2C3 plane,
perpendicular to the current direction. For some selected magnetic field directions, the field dependences
of the in-plane MR were measured by sweeping B between 0 and 13 T. Rotation of the sample in constant
magnetic field B was used to measure the MR. In the procedures for the interlayer magnetotransport
measurements, four-probe transport measurements were also performed on a rectangular sample between
2 K and 300 K using the same PPMS. The size of the sample was 3.28 × 1.15 × 1.15 mm 3, and the
distance between the two inner contacts was 1 mm. The current for the interlayer magnetotransport
measurements was 5000 μA and was applied along the C3 axis while the magnetic field B was applied in
C2C3 plane.

4.2.2 In-plane and interlayer resistivity of Bi2Te3 single crystals
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Figure 4.1 In-plane resistivity of n-type Bi2Te3 as a function of temperatures in B=0 T. The insets show
schematic diagrams for the measurements of in-plane (black squares) and interlayer (red circles) MR.

The temperature dependences of the in-plane and interlayer resistivity of n-type Bi2Te3 bulk single
crystals was measured in B = 0 T. As shown in Fig. 4.1, the in-plane and interlayer resistivity decreases
with the temperature and does not stay constant until T = 10 K. Compared with the in-plane resistivity, the
interlayer resistivity is about twice as large. Such metallic R (T) curves are typical bulk behavior for
n-type Bi2Te3 and result from the electron-type bulk carriers induced by Bi-Te antisite defects. At high
temperatures, the scattering is predominantly governed by phonons and defects scattering, while at low
temperatures the dominant scattering is electron Coulomb scattering in the valleys of conduction bands.
The topological surface states are masked by the bulk states because of the high carrier concentration, so
that the magnetotransport studied here mainly results from bulk transport properties.

4.2.3 In-plane and interlayer MR of Bi2Te3 single crystals
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Figure 4.2 (a) In-plane MR in n-type Bi2Te3 as a function of magnetic fields at several temperatures. (b)
Interlayer MR in n-type Bi2Te3 as a function of magnetic fields at several angles.

Figure 4.2(a) shows the in-plane MR measured at several degrees, ranging from θ = 0 to θ = 180, in B =
13 T at T = 2 K. The maximum value of the in-plane MR reaches up to 500% in B = 13 T at θ = 180.
Linear and non-saturating MR is clearly observed in high fields at θ = 135 and θ = 180 in positive B,
but the linear MR is greatly suppressed at θ = 0, θ = 45, and θ = 90 in positive B. The dependence of
MR linearity on the angles of magnetic fields might result from the anisotropic Coulomb scattering of
carriers with open orbits or close orbits due to the anisotropy of valleys. Figure 4.2(b) shows the
interlayer MR versus magnetic field from B = 0 to B = 13 T, measured at different degrees. The maximum
interlayer MR reaches up to 200% in B = 13 T at θ = 0. At low magnetic fields, the interlayer MR
exhibits quadratic field dependences, which can be fitted by MR = kB2, with k a constant. The patterns of
interlayer MR curves evolve linearly in high magnetic fields over all selected degrees. It is evident that
the high field linear MR arises from the anisotropic bulk transport of the Bi 2Te3 bulk with its layered
crystal structures.

4.2.4 In-plane and interlayer MR anisotropy of Bi2Te3 single crystals
Figure 4.3(a) displays the angular-dependences of the in-plane MR in n-type Bi2Te3 measured at B = 13 T
for various temperatures. The temperature T, ranging from 2 to 300 K, was kept constant during each
rotation. The observed angular-dependences of the MR display strong anisotropy and twofold oscillations.
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The MR values increase with decreasing temperature over all angles. The peaks appear at around θ = 0º
and θ = 180º, while the dips are at around θ = 90º and θ = 270º. This suggests that the in-plane MR is
much larger in interlayer high fields. Figure 4.3(b) shows the angular-dependences of the in-plane MR
measured in different magnetic fields at 2 K. The magnetic field B, ranging from 1 to 13 T, was kept
constant during each rotation. The observed angular-dependences of the MR also display twofold
oscillations, and the MR values increase with increasing magnetic fields.
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Figure 4.3 (a) Angular-dependences of in-plane MR in n-type Bi2Te3 at B=13 T at different temperatures.
(b) Angular-dependences of in-plane MR in n-type Bi2Te3 at T=2 K in different magnetic fields.

Figure 4.4(a) shows the angular-dependences of the interlayer MR measured in different temperatures T,
ranging from T = 2 K to T = 300 K, in B = 13 T. Figure 4.4(b) displays the angular-dependences of the
interlayer MR measured at different magnetic fields B, ranging from B = 1 to B = 13 T, at T = 2 K. The
observed angular-dependences of the interlayer MR also display strong anisotropy and twofold
oscillations. Wide peaks in the interlayer MR curves appear at around θ = 0º and 180º, and dips at around
θ = 90º and 270º. This suggests that the interlayer MR is most strongly pronounced when magnetic fields
are perpendicular to the current direction. The MR anisotropic oscillations are also most strongly
pronounced in high fields and low temperatures.
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Figure 4.4 (a) Angular-dependences of interlayer MR in n-type Bi2Te3 at B=13 T at different
temperatures. (b) Angular-dependences of interlayer MR in n-type Bi2Te3 at T=2 K in different magnetic
fields.

4.2.5 Qualitive analysis of experimental results
The well established Kohler's rule suggests that the MR of a material is a universal function of B as a
result of the Lorentz force deflection of carriers, and at high fields, MR will saturate in most materials.
Therefore, such a giant, anisotropic, non-saturating MR as in our n-type Bi2Te3 bulk crystals is unusual.
Linear quantum-MR theory was originally developed by Abrikosov, based on gapless semiconductors and
semiconductors at the extreme quantum limit to explain the observed giant linear MR in doped silver
chalcogenides.[25] As stated above, in our previous work, the observed linear MR was attributed to the
quantum linear MR from the surface states of topological insulators.[20] It is difficult, however, to reach
the extreme quantum limit in our n-type Bi2Te3 bulk single crystals because of the high carrier density.
Metals that contain Fermi surfaces with open orbital in some crystallographic directions, including Cu,
Ag, and Au, will also exhibit large linear MR for fields applied in those directions.[26] LMR can also
occur in semiconductors as a consequence of strong electrical disorder, which is related to the carrier
mobility, but is independent of carrier density.[27] The well known anisotropic MR is always observed in
ferromagnetic materials, which results from s-d scattering.[28] In addition, anisotropic MR also can result
from the anisotropy of the Fermi surface because of the anisotropic effective mass and scattering
effects.[29]
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The giant, high-field linear, in-plane and interlayer MR, with twofold anisotropic oscillations, in our
samples is likely to be related to the configurations of the bulk conduction bands. The Fermi surfaces in
n-type Bi2Te3 are approximately ellipsoids with rotational symmetry around the C3 axis, with a small
amount of trigonal warping. The Fermi surface consists of six ellipsoids tilted at an angle to the basal
plane, where the two conduction bands are responsible for conduction.[10] The conduction bands are
multivalley bands and consist of upper and lower conduction bands. Both conduction bands are filled by
electrons with different mobility, effective mass, and relaxation time in different valleys.[8] The
non-saturating linear MR suggests that electrons have open orbits along the Fermi surface, because the
MR should saturate at high B if the orbits are closed in high fields.[23] The main mechanisms of
scattering in n-type Bi2Te3 are acoustic phonon scattering, impurity scattering and coulomb scattering in
conduction bands. The giant MR might come from electron coulomb scattering in the lower conduction
band and from impurity scattering from doping induced impurity bands.[23] Furthermore, the upper and
lower conduction bands in Bi2Te3 are anisotropic, due to the anisotropy of the ellipsoidal electron pockets
with different mobility and relaxation time, which results in the observed giant anisotropic in-plane and
interlayer MR.[11,12]

4.2.6 Conclusion
Angular-dependences of in-plane and interlayer magnetotransport properties in n-type Bi2Te3 bulk single
crystals have been investigated over a broad range of temperatures and magnetic fields. Giant in-plane
magnetoresistances (MR) of up to 500% and interlayer MR of up to 200% were observed, respectively.
The observed MR exhibits quadratic field dependences in low fields and linear field dependences in high
fields. The angular dependences of the MR represent strong anisotropy and twofold oscillations. The
observed angle-dependent, giant MR might result from the strong coulomb scattering of electrons as well
as impurity scattering in the bulk conduction bands of n-type Bi2Te3. The strong anisotropy of the MR
may be attributable to the anisotropy of electron mobility, effective mass and relaxation time in the Fermi
82

surface. The observed giant anisotropic MR in n-type Bi2Te3 bulk single crystals paves the way for Bi2Te3
single crystals to be useful for practical applications in magnetoelectronic devices such as disk reading
heads, anisotropic magnetic sensors, and other multifunctional electromagnetic applications.

4.3 Field induced valley polarization in Bi2Te3 single crystals
4.3.1 Background
The band structure features are significant for understanding and improving the physical properties of
materials and their practical applications, such as in device design. Measuring transport properties in
semiconductors is an established technique for acquiring information about their electronic structures. In
layered compounds, a flow of Dirac carriers along the C3 axis is extremely sensitive to the orientation of
an in-plane magnetic field due to in-plane mass anisotropy. The C3 axis magnetoconductivity and MR of
carriers could be the sum of each valley’s contribution in a multivalley system. A rotatable in-plane
magnetic field can be applied as a valley valve to tune the contribution of each valley to the total
conductivity and the MR.[30]

Field-induced polarization of Dirac valleys has been investigated in semi-metallic bismuth in a rotatable
in-plane magnetic field. Because of the huge in-plane mass anisotropy in bismuth, the angle-dependent
MR displays a threefold symmetry, which is broken at lower temperatures and higher magnetic fields, due
to a nematic Fermi liquid state in the valleys. Angle-dependent interlayer MR has also been successfully
applied to map the Fermi surface (FS) of newly discovered iron based superconductors.[31,32] Compared
with ARPES measurements, which are sensitive to surface conditions, and magnetic quantum oscillation
measurements, such as of Shubnikov-de Haas oscillations, angle-dependent MR oscillation measurements
can provide bulk FS topology information directly. The angle-dependent MR method is bulk sensitive and
can be observed at much higher temperatures and lower fields than with other methods because the FS
information obtained from the angular dependence of MR results from all the electrons on the FS, not just
those performing extremal orbits.
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Motivated by these experimental observations of bismuth and iron based superconductors, we have
extended the investigation of angle-dependent MR to n-type Bi2Te3 crystals and now report a study of
magnetic field-induced polarization of Dirac valleys in n-type Bi2Te3 bulk single crystals. A
valley-polarized current is generated, and giant MR of up to 225% represents strong anisotropy with three
inequivalent peaks over all temperature and magnetic field ranges. The strong anisotropy of
angle-dependent interlayer MR reflects the strong anisotropy of the mobility in the valleys and their
inequivalent contributions to total magneoconductivity and MR in n-type Bi2Te3 bulk crystals.

4.3.2 Experiment measurements
The n-type Bi2Te3 single crystals can easily be cleaved in a perpendicular direction to the trigonal C3 axis,
along the (0001) planes. The Fig. 4.5 is a schematic view of the experiment configuration and the crystal
axes. The n-type Bi2Te3 sample 2 × 2 × 5 mm3 in size was cleaved from a bulk crystal with 99.99% purity.
Four-probe method measurements of interlayer magneto-transport between 2 K and 300 K were
conducted using a Quantum Design 14 T Physical Properties Measurement System (PPMS). A sample
rotator was used to perform the measurements at different field orientations. The applied AC bias current
was 5 mA, directed along the interlayer (C3 axis). The resistance measurements were also along the
interlayer with an in-plane magnetic field. Rotations of the sample in a constant ﬁeld and temperature
were used to measure the angular dependence of the interlayer MR.

Fig. 4.5 Schematic view of experiment configuration and crystal axes.
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4.3.3 Interlayer MR in in-plane magnetic fields
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Fig. 4.6 (a) Interlayer MR as a function of fields at different temperatures at φ = 00. (b) Interlayer MR as a
function of field at different angles at 2 K.

Figure 4.6(a) presents a series of measurements of the MR as a function of in-plane field at different
temperatures, ranging from 2 K to 200 K, at 0°. The interlayer MR of the n-type Bi2Te3 crystal is
proportional to the square of the magnetic field at low magnetic fields and shows linearity at high fields.
The interlayer MR increases with decreasing temperature and reaches the maximum of 225% at 2 K. This
shows that the giant interlayer MR might have resulted from other types of scattering besides phonon
scattering. Figure 4.6(b) shows that the MR presents strong anisotropy at low temperature by comparing
the MR at five selected angles. The interlayer MR reaches its maximum at 0 and 180.

Low temperature linear MR has been observed in Bi2Te3 crystal flakes and Bi2Se3 nanoribbons and thin
films, which was attributed to gapless topological surface states.[33,34,35] Shubnikov-de Haas and
Aharonov–Bohm oscillations have also been observed in Bi2Se3 and Bi1−xSbx topological
insulators.[36,37] However, it is difficult to detect the SdH oscillation effects in Bi2Te3 bulk single
crystals in 13 T due to the high bulk carrier concentration and low mobility. The surface states are
obviously masked by metallic bulk conductance and the observed MR should result from bulk states
rather than from surface states. The non-saturating linear MR suggests that electrons have open orbits
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along the Fermi surface, because the MR should saturate at high magnetic fields if the orbits are closed in
high fields.[38] In this configuration, the charge carriers traveling along the C3 axis are electrons, and the
interlayer MR is determined by the mobility of these carriers in the in-plane magnetic fields. The
electron-electron scattering within and between the valleys in the upper conduction band and lower
conduction band result in the observed giant MR. Impurity scattering might also play a role in the giant
inerlayer MR as well.

4.3.4 Interlayer MR anisotropy with rotated in-plane magnetic fields
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FIG. 4.7 (a) Angle-dependent interlayer MR as a function of angle in different in-plane magnetic fields at
2 K. (b) Angle-dependent interlayer MR as a function of angle at different temperatures in 13 T in-plane
magnetic field.

Figure 4.7(a) presents the angle-dependent interlayer MR in different in-plane fields at 2 K. On rotating
the sample within the C1C2 plane, the angle-dependent MR oscillation follows a oscillations with two
peaks at around 0° (360°) and 180°. The values of interlayer MR increase with increasing field, and the
oscillationsare more pronounced in higher fields. Figure 4.7(b) displays the angle-dependent IMR for the
Sb2Te3 at different temperatures in 13 T. The angle-dependent interlayer MR increases, and the
oscillations become more pronounced with decreasing temperature. This temperature dependence might
result from the increasing electron scattering time with decreasing temperatures.
86

4.3.5 Qualitive analysis of experimental results
The Fermi surface of n-type Bi2Te3 always resides deep in the bulk conduction bands. The conduction
band splits into two sub-bands with an energy difference: the upper conduction bands (UVB) and the
lower conduction bands (LVB). The electrons in the lower conduction bands of n-type Bi2Te3 dominate
the total bulk conductivity. It is well known that the relations of mobility, effective mass and relaxation
time can be expressed as μ = qτ/m*. The q is the electron charge and keeps constant. Thus, the total
interlayer resistivity can be written as ρ = 1/σ = 1/enμ. Assuming the carrier concentration constant in the
upper conduction band, the total interlayer MR can be written as MR = (ρH – ρ0)/ρ0 = μ0/μH - 1 =
τmH*/τHm* - 1. It can be seen the interlayer MR is closely related to carrier relaxation time and effective
mass of conduction bands in zero field and fields. Therefore, the observed angle-dependent IMR
oscillations result from the anisotropies of valleys, which are attributable to the field induced polarization
of valleys in conduction bands of n-type Bi2Te3.

4.3.6 Conclusion
In summary, rotatable in-plane magnetic fields have been applied to measure the interlayer
magneto-transport properties of n-type Bi2Te3 single crystals. The angle-dependent interlayer
magnetoresistance (MR) of up to 225% represents strong oscillations and anisotropy over all temperature
and magnetic field ranges. The giant MR results from the electron spin-orbital scattering in the
conduction bands. And the MR anisotropy originates from field-induced polarization of valleys, Coulomb
interaction induced valley distortion. The strong anisotropy of the MR represents the inequivalent
contributions of each valley to total interlayer magneto-conductivity in n-type Bi2Te3 bulk. Our results
show that rotated in-plane magnetic fields can be applied to measure magnetic field-induced polarization
of valleys in n-type Bi2Te3 single crystals.
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Chapter 5 Four-fold symmetric magnetoresistance and Seebeck
effects in topological Kondo insulator SmB6
5.1Four-fold symmetric magnetoresistance in Kondo insulator SmB6 single
crystals
5.1.1 Introduction
Strongly correlated electron systems attract great attentions from condensed-matter community due to lots
of exotic electronic and magnetic properties, such as high-Tc superconductivity, colossal
magnetoresistance (MR) and electronic nematic states.[1-3] Samarium hexaboride (SmB6) is well known
as a strongly correlated electron system, in which the 4f-electrons hybridize with conduction 5d-electrons
and form a narrow gap Eg ~ 15 meV.[4-6] In such a narrow gap semiconductor, one chronically puzzling
issue is the in-gap states, which is considered as the origins of non-diverged low temperatures
resistivity.[7-8] Recently, theoretical calculation and transport measurements demonstrate that such in-gap
states actually are surface states, and SmB6 is a topological Kondo insulator (TKI).[9-16][17] Angle
resolved photoemission spectroscope (ARPES) and scanning tunneling microscope (STM) also
demonstrate that these in-gap states are electron-like bands or Fermi surface (FS) electronic pockets near
the Fermi level (EF). [18-21][22]. Four FS electronic pockets are found to enclose the

and the

points of the surface Brillouin zone k-space. The observed linear dispersion characteristics and the
chirality of orbital momentum are consistent with the basic properties of surface states.

The correlated TKI SmB6 provides an excellent platform to explore unconventional phases and states
such as nematic states. Classic nematic states generally exist in liquids of rod-like molecules and
electronic nematic phase is firstly discovered in 2D quantum Hall systems GaAs/AlGaAs.[23] Such states
have also been observed in other strong correlated systems, including heavy-fermion compound URu2Si2,
unconventional superconductors Sr3Ru2O7, Ca(Fe1–xCox)2As2 and YBa2Cu3O6.45[3, 24-27]. Many
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approaches have been used to probe and investigate electronic nematic states, including electronic and
magnetotransports, torque magnetometry, STM and neutron-scattering. [3, 23-24, 26-29] A rotated
in-plane field has been used to detect the electronic nematic states through magnetotransport and torque
magnetometry measurements.[3, 24] On the other hand, an in-plane field can be a valley valve to tune the
contribution of each valley to the total out-of-plane conductivity in multi-valley systems.[30-31]
Moreover, with such rotatable in-plane magnetic field, 2D Fermi surface (FS) of layered metals and
high-Tc superconductors can be mapped out through quantum oscillations of out-of-plane
magnetoresistance (MR).[32-35]

We investigated angular-dependent out-of-plane MR oscillations in SmB6 single crystals with a rotatable
in-plane magnetic field. As the field rotates, the contribution of each electron pocket to the total
conductivity is tuned and a polarized conductivity of four electron pockets has been achieved. As the
temperature is decreased, the out-of-plane MR oscillations exhibit a gradually loss and transit from C4
symmetry to C2 symmetry. Such rotational symmetry breaking implys the possible emerging of electronic
nematic states in strongly correlated Kondo insulator SmB6.

5.1.2 Crystal structure and experiment measurements
Single crystals of SmB6 were grown by the conventional aluminum flux method. The sample has been
etched with acid to remove the leftover Al on the surface. Fig. 5.1(a) displays the CsCl-type crystal
structure of SmB6. It can be seen that the Sm ions locates at the corner and B6 octahedron locates at the
body center of the cubic lattice. Fig. 5.1(b) shows the bulk and surface Brillouin zone for SmB6. Fig 5.1(c)
shows an optical microscope photograph of a piece of bar-like single crystal. Fig. 5.1(d) displays the
schematic view of the experiment configuration and the crystal axes. The SmB6 sample is 0.2 × 0.2 × 2
mm3 in size. Four-probe method measurements of out-of-plane magneto-transport between 2.3 K and 300
K were conducted using a Quantum Design 14 T Physical Properties Measurement System (PPMS). A
sample rotator was used to perform the measurements at different field orientations with respect to current
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directions (Fig.5.1d) The applied AC bias current was 0.1 mA, directed along the (001) with an in-plane
or out-of-plane magnetic field.

Figure. 5.1 (a) The CsCl-type crystal structure of SmB6. (b) The bulk and surface Brillouin zone for
SmB6. (c) A photograph of the SmB6 single crystal. (d) The schematic view of experiment configuration.

5.1.3 Resistivity, magnetization and MR
Prior to the anisotropic MR measurements, the temperature dependence of the resistances was measured.
As shown in Fig. 5.2(a), the out-of-plane electrical transport properties without external field are
characterized by different regimes correlated to various energy scales. Above 40 K, the Kondo gap is
closed and the SmB6 behaves like a metal. Between 40 K and 3.5 K, the resistances increase by several
orders of magnitude due to the opening of a gap. Below 3.5 K, the resistances approach a constant value
around 5.3 Ω·cm. This transport anomaly has been regarded to be originated from the surface states of
SmB6 single crystals. [9-13] The Fig. 5.2(b) shows the magnetization as a function of temperature. The
SmB6 single crystals demonstrate paramagnetic behavior at high temperature. The low temperature
downturn of magnetization can be attributed to antiferromagnetic correlations and instability due to strong
correlated electron interaction at low temperature.[36-37]
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Figure. 5.2 (a) Temperature dependence of the zero-field resistance for the SmB6 single crystals. (b) The
temperature dependence of magnetization for SmB6 single crystal. (c) The magnetic field dependent
out-of-plane MRs at different temperature.

Magnetotransport measurements are quite helpful for investigating the electronic states and understanding
both surface and bulk states in topological insulators.[38-40] Figure 5.2(c) presents a series of
measurements of out-of-plane MR ratio [(RH-R0]/R0] × 100%] as a function of field at different
temperatures with φ = 00, respectively. In this configuration, a gap opens at the Dirac point due to the
field induced breaking of time reversal symmetry.[40-41] And the time reversal symmetry breaking
makes the Dirac fermions massive like magnetic doping in prototype topological insulators.[42] The
weak-antilocalization (WAL) effect induced low field (B < 4 T) positive MR ratio has also been observed,
which is believed to be in agreement with a spin-momentum locked metallic surface states.[43] The high
field MR of the SmB6 single crystal is negative, which can be attributed to the field dependence of the
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gap through field adjusting the hybridization between the 4f band and the 5d bands.[44-46]. Hence, the
high field MR can be attributed to the competition between the in-gap states and bulk states.

5.1.4 Angular-dependent c-axis MR
Figure 5.3 displays the evolution of angle-dependent MR oscillations at different temperatures in 13 T.
On rotating the sample within the in-plane, the angular-dependent out-of-plane MR oscillations follow a
near four-fold symmetry with peaks at around 45°, 135°, 275° and 315°. MR oscillations are detectable
when the magnetic field exceeds 4 T. As shown in the Fig. 5.3(a-c), the four-fold out-of-plane MR
oscillations can be clearly seen at 15, 10 and 8 K. The four electron pockets are nearly interchangeable
and the four-fold symmetry of SmB6 lattice is maintained. The four-fold oscillations are expected for the
Kondo insulator SmB6 bulk states with four-fold degenerate electron pockets on the FS.[21] With
decreasing temperatures to 5 K, all the above peaks nearly disappear, as shown in Fig. 5.3(d). Other two
peaks gradually appear at around 0° and 180°, which shows nearly two-fold symmetry at 3 and 2.3 K.
Such a transition from C2 symmetry to C2 symmetry demonstrates the loss of the C4 rotational symmetry
of the underlying lattice of SmB6. Such rotational symmetry breaking manifests the anisotropy of in-plane
dispersion and loss of C4 electron pocket degeneracy. This rotational symmetry breaking has also been
observed in other heavy Fermi system like URu2Si2 and can be attributable to electronic nematic
states.[24]
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Figure. 5.3 Angular-dependent out-of-plane MR oscillations in 13 T at different tempeerature ranging
from 15 K to 2.3 K.

5.1.5 Theoretical fitting and analysis
In this multi-electron pocket system, in presence of an in-plane magnetic field, the out-of-plane
magnetoconductivity (MC) is expected to be the sum of the contributions by individual electron pockets.
In the case of SmB6:
(1)
where the MC of electron pockets are indexed by

. Inspired by the fitting for conductivity of Bi and

Sb2Te3, our experimental data also can be fitted by an empirical formula:[30-31]
(2)
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The contribution of each of the four electron pockets is described by the same angular function rotated
by

. In this configuration,

is the maximal

when the in-plane magnetic field locates

between two electron pockets. As the field rotates, MC decreases and reaches minimal when the magnetic
field is parallel to one of electron pockets. The

is a given parameter and represents the anisotropy of

MC.

Similar to Bi and Sb2Te3, the out-of-plane MC of SmB6 can also be qualitatively understood by
considering the magnitude of

[30-31] Here

corresponding to

cyclotron frequency, scattering time, charge, out-of-plane effective mass of the electron, respectively.
Based on this formula, the anisotropy of

originates from the anisotropy of

and

. Theoretical

calculation points out that that the dispersion crossing the EF is considerably anisotropic around
-points.[41] The anisotropic dispersion suggests the anisotropy of effective mass around

-points.

Moreover, light electrons have been observed in SmB6 through quantum oscillations and Landau
spectrum.[17] The reported effective mass of electron pocket α is 0.074 me and 0.10 me in electron pocket
β. The me is the bare electron mass. The four-fold periodic oscillations of out-of-plane MR is also set by
. Due to the in-plane anisotropy, a polarized current can be expected with a well-oriented magnetic
field. The mobility μ of out-of-plane electrons in the perpendicular planes determines their response to the
magnetic field. These electrons with minimal cyclotron mass

and maximal

give rise to the

largest MR.[30-31] Since different electron pockets respond differently to the oriented magnetic field, two
of the four electron pockets dominate the total conductivity, thereby creating polarization of electron
pockets. Four-fold

oscillations are expected in such a system with four electron pockets of surface

states comprised of light electrons.
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Figure. 5.4 (a) A schematic plot of C4 symmetric FS with four electron pockets in the first Brillouin zone.
(b) Reconstruction and of two FS electron pockets along kx and formation of electronic nematic phase at
2.3 K with B = 13 T.

5.1.6 Anisotropic Fermi surface and possible nematic states
Figure 5.4 displays the schematic cross-section of four electron pockets on the FS of SmB6 with in-plane
magnetic field. The FS at 2.3 K is symmetrical and is consistent with the ARPES. From ARPES, the
electron pockets are found to enclose the

and the

form electron-like FS pockets. The electron pocket at

points of the surface Brillouin zone k-space and

point is isotropic and makes no contribution to

the MR oscillations. Based on ARPES, there are four electron pockets or oval-shaped FS around

in the

first Brillouin zone at low temperature.[18-20] The observed FS electron pockets originate from the d-f
hybridization with the 5d-derived states crossing the flat 4f-bands in kx,y-space.[21]

The spontaneous loss of three-fold symmetry in Bi in low temperature was attributed to the possible
electron nematic states.[30, 47] The loss of C4 symmetry in SmB6 at low temperature can also be
explained by the electronic nematic scenario with broken rotational symmetry.[3, 24] [48] Owing to the
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anisotropic dispersion of SmB6, the Coulomb repulsive interaction favors an discrepant occupation on
different FS electron pockets.[47, 49] In the presence of such imbalance, SmB6 is likely to undergo a
Pomeranchuk instability which breaks the lattice point group symmetry. [50-51] On the other hand, SmB6
with C4 lattice symmetry has 2D FS and quadratic band in the magnetic field of 12 T. In this configuration,
the FS electron pockets become unstable above a critical interaction strength due to short-range repulsive
interactions and lead to spontaneously broken space symmetries.[52]

When SmB6 gradually loses its rotational symmetry with preserved translational invariance, the electronic
nematic phases can be formed. The anisotropic nature of the nematic state leads to the observed
out-of-plane near two-fold MR oscillations in high field and low temperature.[53] Fig. 5.4b shows the
possible scenario of FS reconstruction and distortions at 2.5 K and 12 T. The FS electron pockets of SmB6
along the kx exhibit anisotropic reconstructions due to short-range repulsive interactions of electrons,
while along ky FS remains elliptical. Therefore the nematic states in Kondo insulator SmB6 is another
example of such exotic order in correlated matter systems.

Finally, topological nematic states have been theoretically predicted in 2D Fermi systems with four-fold
rotational symmetries and fractional Chern insulators with a partially filled flat band.[52, 54] However,
the rotational symmetry breaking has not been observed in WAL region in SmB6. The negative MR is
masked by negative MR from bulk states in high field. Therefore the observed C4 rotational symmetry
breaking and electronic nematic states in SmB6 are bulk effects rather than originating from surface
states.

5.1.7 Conclusion
In summary, We investigated angular-dependence of out-of-plane magnetoresistance oscillations in SmB6
single crystals with a rotated in-plane magnetic field. The four-fold degeneracy of Fermi surface electron
pockets of SmB6 leads to a four-fold (C4) symmetry of out-of-plane magnetoresistance oscillations. The
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C4 symmetric oscillations gradually lose and transit into nearly two-fold (C2) symmetry with decreasing
temperature, which demonstrates a rotational symmetry breaking. Such a symmetry breaking suggests
profound reconstruction of Fermi surface and implies the possible emerging of electronic nematic states
in Kondo insulator SmB6.

5.2 Thermoelectric Signatures of Topological Surface States in the Kondo
Insulator SmB6
5.2.1 Introduction
Topological insulators (TIs) have attracted great attention from the condensed matter physics community
due to their fascinating electronic properties, such as quantum spin Hall effects (QSHE) and Majorana
states as well as potential applications in spintronics and quantum computing.[40, 55-57] As it is well
known that the prototype three-dimensional (3D) topological insulators such as Bi2Se3, Sb2Te3 and Bi2T3
are all excellent thermoelectric materials.[58-59] The commons element between topological insulators
and excellent thermoelectric materials such as Bi2Te3 is that they both need heavy elements. Heavy
elements generate large spin-orbit coupling in topological insulators and decrease phonon thermal
conductivity in thermoelectric materials.[60] Moreover, it has been theoretically demonstrated that the
surface states have potential for low-power-consumption electronics and high performance thermoelectric
devices.[60-63] In real prototype topological insulators, however, the intrinsic thermoelectric dynamics
from surface states are masked in the presence of bulk resident conductance.[64] In order to understand
the intrinsic behaviors of thermoelectrical dynamics of topological surface states, it is necessary to choose
topological insulators with true insulating bulk states. Topological Kondo insulator SmB6 with insulating
bulk provides an excellent platform to explore the intrinsic thermodynamics of topological surface states.

The surface states in topological insulators are topologically protected from various lattice dislocations
and structural defects and the backscattering is suppressed in the absence of magnetic impurities.[56]
One-dimensional (1D) topologically protected modes have been observed in topological insulators with
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lattice dislocations or line defects.[65] Magnetoresistance switching effects have been observed in a
topological insulator, Sn-doped Bi2Te3 polycrystalline film.[66] In addition, topologically protected zero
modes and gapless states can also occur at topological defects as well as point defects.[67] Here, we
report thermoelectric measurements on the Kondo insulator SmB6 and demonstrate metallic surface states
from the Seebeck effects. We find that robust surface states can survive in SmB6 polycrystalline with
large amount of boundaries and defects. Our results pay a new way to detect surface states in topological
insulators with Seebeck effects.

5.2.2 Experiment details
Polycrystalline samples of high purity SmB6 were fabricated in a vacuum furnace at the high temperature
of 900 ˚C and the high pressure of 7 bar. The SmB6 samples are in the shape of bars with typical
dimensions of about 2 × 2 × 10 mm3. The Seebeck coefficient, electrical resistivity and thermal
conductivity were measured using a Quantum Design 14 T Physical Properties Measurement System
(PPMS). The four-probe mode was employed in thermoelectric transport measurements between 2 K and
300 K. The applied AC bias current was 2 mA.

5.2.3 Resistivity, Hall effects and magnetization
Figure 5.5(a) shows the temperature dependent resistivity of polycrystalline SmB6 in the range of 2 K to
300 K. Above 40 K, the bulk Kondo gap is closed, and the SmB6 behaves like a metal. Between 40 K and
3.5 K, the resistance increases by several orders of magnitude due to the opening of the Kondo gap.
Below 3.5 K, the resistivity approaches a constant value of around 0.017 Ω·m. It has been confirmed that
this transport anomaly originates from the surface states of SmB6 single crystals. [9-13] Figure 5.5(b)
shows the Hall resistance as a function of magnetic field at different temperature. The Hall effect
demonstrates that the carriers in SmB6 are electrons at low temperatures. The calculated carrier density
and mobility in polycrystalline SmB6 are about 3.25×1018 cm-3 and 1.5 cm2/V·s, respectively. A high Hall
mobility of up to 1000 cm2/(V s) has been reported in SmB6 single crystals through Hall effect
measurements and quantum oscillations.[15-16][17] The enormous difference originates from the high
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density of boundaries and defects in the polycrystalline samples.
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Figure 5.5 (a) Resistivity and (b) Hall resistances of SmB6 polycrystalline as a function of temperatures
and magnetic fields. (c) Magnetization of SmB6 polycrystalline as a function of temperatures and
magnetic fields.

Figures 5.5(c) and (d) show the magnetization as a function of temperature and magnetic fields
respectively. The polycrystalline SmB6 demonstrates paramagnetic behavior at high temperature. The low
temperature Curie tail can be attributed to anti-ferromagnetic (AF) correlations and instability due to
strong correlated electron interaction at low temperature.[36-37] These AF correlations may also be
related to the recently proposed topological AF spin-density wave phase.[68-69]

5.2.4 Thermo-conductivity and Seebeck coefficient
Figure 5.6(a) shows the total thermal conductivity, κ, in polycrystalline SmB6, which decreases with
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decreasing temperature. A subtle transition appears at around 40 K which corresponds to opening of
Kondo gap.[70] Large κ was reported for SmB6 at high temperatures.[71] This transition originates from
the decreased contribution of electrons to κ due to the gap opening. The thermal conductivity is the sum
of two contributions, from electrons and phonons, and can be expressed as κ = κe+ κp. At high
temperature, both electrons and phonons contribute to the κ due to the metallic bulk states and strong
lattice vibrations. At low temperatures, electron-phonon scattering increases, and the κ is dominated by
phonons.[72] The electron-electron interaction is also strong in such a strong correlated system. On the
other hand, κ decreases due to the reduced dimensions with the transition from 3D bulk states to 2D
surface states, which also reduces the phonon contribution.
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Figure 5.6 (a) Thermo-conductivity and (b) Seebeck coefficient as a function of temperatures in SmB6
polycrystallines.

In addition, the expansion coefficient α = κ/ρcp also appears anomalous in SmB6, where, κ, ρ, and cp are
the thermal conductivity, density, and specific heat capacity. It was discovered that the linear thermal
expansion coefficient becomes equal to zero below T =5K.[73] The specific heat capacity also
demonstrates a low temperature anomaly and tends to zero below 5 K[74]. Linear thermal expansion
coefficients have been observed in the prototype topological insulators Bi2Se3 and Sb2Te3 single crystals.
The low temperature values of α can be well fitted by the Debye model.[75-76] In these prototype
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topological insulators, the linear thermal expansion coefficients also become equal to zero below 10 K.

In 3D polycrystalline SmB6 there are large amounts of 2D surface states at grain boundaries and line
dislocations in crystalline nanoparticles.[65] Grain boundaries are defects and tend to decrease the
electrical and thermal conductivity in the general crystal material. The transport of surface states in
polycrystallines prototype 3D TIs such as Bi2Te3 is relatively weak due to impurities, and it is always
masked by bulk states. In the polycrystalline topological Kondo insulator SmB6 with true insulating bulk
states, however, the grain boundaries are dominant channels for electrical and thermal conductivity. They
are topologically protected and constitute networks of 2D conducting channels.

Figure 5.6(b) shows the Seebeck coefficient as a function of temperature. A similar peak in the Seebeck
coefficient has been observed previously in SmB6 in this temperature range.[77-78] Small S was reported
for SmB6 at high temperatures.[71] A dramatically low temperature peak in the Seebeck coefficient is
seen at around 12 K. A similar peak in the Seebeck coefficient has been observed previously in this
temperature range in n-type Bi2Se3.[64, 79] The low temperature value of the S peak is -324 μVK-1.
Below 3.5 K, S is nearly linearly dependent of temperature as shown in Figure. 5.4(b). The narrow low
temperature peak has been attributed to phonon drag. The sharp decrease in S at low temperature
originates from the high mobility of the surface states that arise at 12 K, which is expected from the
topological protection. The high mobility of surface states can’t produce high electrical conductivity,
however, due to reduced electron density. The spin polarization of electrons due to spin-momentum
locking may also play a role in the sharp decrease in S.

5.2.5 Theoretical analysis of Seebeck coefficient
We find that Seebeck coefficient of SmB6 is a 3D bulk value (S(T)∝ T-1) at higher temperature, but
becomes a 2D metallic surface value (S(T)∝T) below a crossover when the temperature is lowered. S for
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the Kondo insulators YbB12 and FeSi was theoretically investigated, and such a transition was attributed
to the finite imaginary part of the electron self-energy in Kondo insulators with strong correlation.[80]
The low temperature S peak was generally attributed to photon-drag effects.[81]

In this configuration,

the electron-phonon scattering rate is comparable to phonon-phonon scattering. At low temperatures the
dominant carriers are electrons in surface states.

Above 12 K, the Seebeck coefficient S arises from the electronic contribution in the 3D SmB6 bulk. Based
on the Boltzman equation and the Mott relation, the Seebeck coefficient is described as, [82-83]
(1)

Here

where

is density of states,

is the electron velocity, and

is the electron relaxation time.
The formula yields the well known Seebeck coefficient for semiconductors,
(2)
here

is the gap edge position of the conduction or valence band, and u is chemical potential.

Assuming that

is negligible，the S is proportional to

Hence,

at high temperature,

(3)

The S is sensitive to the characteristics of the electronic structure. According to ARPES, the band structures
of SmB6 display a Kondo gap of about 15 meV at the Fermi level and surface states below 15 K.[18-20] The
2D metallic surface states also emerge below 15 K. Below T = 12 K, the Seebeck coefficient S arises from
the electronic contribution in the metallic SmB6 surface. R. Takahashi et al have theoretically studied
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thermoelectric transport in 3D topological insulators by the Boltzmann equation. In a 2D topological
insulator, the transport matrix for describing thermoelectric transport is,[84]
(4)

Here, j is the electric current induced by electric field and w is the thermal current induced by thermal
gradient. q is charge, and u is the chemical potential.
From the matrix elements, the thermoelectric parameters can be expressed as,

(5)
(6)

(7)

(8)

Here, the

and

are the thermal conductivity from electron and phonons, respectively. Σ is the lectrical

conductivity and ZT is the thermoelectric figure of merit. In this theory,

is a constant. Considering a thin

slab of 3D topological insulator with a small thickness d, so that the bulk is treated as 2D, from the
Boltzman transport equation, the surface state transport can be expressed as,
(9)

(10)
Here v is the Dirac velocity, V is the average of impurity potential and ni is the density of impurities.
Hence,
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(11)

,

(12)

S. P. Chao et al have calculated the thermoelectric transport in the surface states of topological insulators
in the presence of randomly distributed impurities.[85] They deduced the generalized Mott formula for
the S when the temperature is close to zero, T⟶0,
(13)

Here

is electrical conductivity,

When the impurity potential V ≠ 0 and the chemical potential u ~ 0, S

.

For a clean surface state with V ~ 0, the density of the impurities n ~ 0,
(14)
The first term in Eq. (14) is the dominant thermopower in large μ, so
S

.

Hence, overall, T⟶0,

(15)
.
(16)

The polycrystalline SmB6 exhibits a low temperature S anomaly. Below 12 K, |S| decreases linearly with
temperature and resembles values for metal-like transport. High-resolution ARPES identified that in-gap
low-lying states form electron-like Fermi surface pockets within a 4 meV window of the Fermi
level.[18-20] They disappear above 15 K in correspondence with the complete disappearance of the 2D
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conductivity channels. Hence, the S anomaly below 12 K in polycrystalline SmB6 is attributable to the 2D
conductivity channels.

5.2.6 ZT of SmB6 polycrystalline
A temperature gradient in thermoelectric materials creates an electric potential, so that such materials can
be applied as thermoelectric converters. The efficiency of thermoelectric materials for cooling or power
generation is described by the thermoelectric figure of merit ZT.
(17)
where σ, S, and κ are the electrical conductivity, the Seebeck coefficient and the thermal conductivity
respectively. A larger value of ZT means higher energy conversion efficiency. The energy conversion
efficiency can be improved when the Seebeck coefficient (S) and the electrical conductivity (σ) increase,
while the thermal conductivity (κ) decreases. Due to the high resistivity, the polycrystalline SmB6 is
limited with respect to application as a practical thermoelectric material at low temperatures. The
resulting thermoelectric figure of merit ZT in polycrystalline SmB6 is shown in Fig. 5.7. At high
temperature, the metallic bulk transport is dominant in thermoelectric transport. The ZT increases with
decreasing temperature and reach a maximum value of up to 0.0073 at 37 K, which is related to the gap
opening in this compound. The competition in the thermoelectric transport between the bulk states and
surface states totally suppresses the ZT at low temperature, below 37 K.
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Figure 5.7 ZT as a function of temperatures in SmB6 polycrystalline.

The topological surface states may provide a route to optimize the figure of merit ZT and realize high
performance thermoelectric devices.[60, 86] The surface states in 3D TIs are diffusive, however, which
leads to low thermoelectric ZT due to the competition with the bulk transport of prototype topological
insulators.[84] The high ZT of 3D topological insulators such as Bi2Te3 originates from their band
structure and heavy atomic masses, but not metallic surface states.[63] While the ZT for gapless surface
states is small due to small S and large .[87]

On the other hand, the ZT has potential to be enhanced in 3D superlattices of topological insulator thin
films owing to the increased S. In addition, ZT can be large in 3D topological insulators with high
densities of holes or pores due to the increased contribution of surfaces and the suppressed phonon
thermal conductivity.[63, 88] The ZT can also be tuned by inducing a gap in the surface states in these
systems through external magnetic fields.[61, 88] The ZT in Bi2Te3 and Bi2Se3 films can also increase at
low temperatures if the surface states from the top and bottom surfaces hybridize and open a tunable band
gap.[60-61] In 3D topological Anderson insulators, large ZT can be achieved via line dislocation
engineering.[89] This makes 3D topological insulators strong candidate for applications in thermoelectric
devices.
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5.2.7 Conclusions
In summary, the thermo-transport properties in the polycrystalline Kondo insulator SmB6 are investigated
over a broad temperature ranging from 300 K to 2 K. An unexpected transition of temperature-dependent
Seebeck coefficient S from S(T) ∝ T-1 to S(T) ∝ T is observed around 12 K. Such a transition
demonstrates a transformation of 3D bulk states to complete 2D metallic surface states. The figure of
merit ZT of SmB6 displays a pronounced peak at 40 K, which is correlated to the Kondo gap opening. Our
results solve a critical problem of Seebeck effect anomaly in Kondo insulators SmB6. And the results also
suggest that the Seebeck effects can be a probe for surface states in topological insulators.
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Chapter 6 Anisotropic magnetoresistance and
ferromagnetism in vertical graphene
6.1 Morphology-tuneable magnetoresistance in vertical graphenes
6.1.1 Introduction
Graphene, a 2D single sheet of graphite, shows extraordinarily high electron mobility, thermal
conductivity and mechanical strength, and thus may be suitable for many applications such as
nanoelectronics, spintronics and optoelectronics.[1-3] The unique magnetotransport properties
of graphene, such as magnetoresistance (MR), are of a special interest due to the possible
graphene application in various magnetoelectronic devices such as magnetic sensors.[4-6]
Very large MR of a single-layer graphene has been theoretically predicted and experimentally
observed in 1D graphene nanoribbons.[7,8] The MR in 2D graphene could be positive and
linear due to Coulomb interaction.[5,6] It could also be negative due to quantum interference
corrections to conductivity of 2D graphene.[9,10] A changeover from the negative to positive
behaviour due to the transition from weak localization (WL) to antilocalization (WAL) in the
high magnetic field was observed.[11-13] A large MR due to the tunnelling effect has also
been observed in the nanocontact consisting of a Ni nanoprobe and carbon nanowalls. This
effect may be very useful for sensing applications.[14] Quasi-periodic MR oscillations have
been observed in thick carbon nanowalls in low magnetic field, but no theoretical analysis of
this effect was provided.

However, up to date no ways were found to effectively control these unusual properties of 1D
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and 2D graphenes. The lack of such control significantly limits the application of graphenes
in graphene-based nanodevices. One possible way to enhance the level of control over the
electrotransport characteristics is to design three-dimensional (3D) graphene networks of
various morphology, where different configurations of graphene flakes (presence of edges,
boundaries, connections between the flakes etc.) can be a factor modifying the properties of
the whole network. Such 3D networks consisting of vertically-oriented few-layer graphene
nanowalls can be an excellent platform for bio-sensors, energy storage devices, catalysts,
electrodes for fuel cells and field emission displays.[16-19] However, synthesis of large
graphene networks with highly-controllable morphology is still a challenge. As a result, the
morphology-dependent magneto-transport properties in large graphene networks have not
been yet explored. Here, we have investigated the anisotropic magneto-transport properties in
large three-dimensional few-layer graphene networks of the two different (petal-like and
tree-like) morphologies, grown in highly-controllable plasma-enabled process. We
demonstrate that the magnetotransport in such networks can be effectively controlled by the
network structure. These results are promising for the development of next-generation
morphology-tuneable magnetoelectronic devices.

6.1.2 Growth of vertical graphene with plasma-enhanced CVD
Three-dimensional self-organized vertical graphene networks (VGNs) have been synthesized
using radio-frequency inductively coupled plasma-enhanced Chemical Vapour Deposition
(CVD) technique. A schematic of the plasma-enhanced CVD (PECVD) reactor is shown in
Fig. 6.1. The VGNs were grown on thick Si(100) substrates covered
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with

a 500 nm

SO2 layer. No catalysts and external substrate heating were used in this process.[20-22] The
growth process consisted of the two stages. At the first stage, the substrates were processed in
Ar plasma at the pressure of 2.5-3 Pa and discharge power of 700-800 W. During the
treatment, substrates were negatively biased and heated by the plasma. At the second stage,
graphene networks were grown in the plasma ignited in a mixture of CH4, H2, and Ar gases
and the same discharge power. Depending on the substrate bias and gas mixture composition,
different morphologies of the networks were produced (see Table 1 for the specific process
parameters used for the growth of petal-like and tree-like morphologies). The surface
temperature (700 K) during the process was measured using a K-type thermocouple.
Importantly, increased bias and process time used for the growth of the tree-like network
resulted in fragmentation of a silica layer and formation of SiO2 islands.[23]

6.1.3 Experimental measurements of MR
The four-probe magnetotransport measurements were performed in the temperature range
between 2 and 300 K using a 14 T physical properties measurement system (PPMS). A
schematic of the measurements is shown in Fig. 6.1. The area of the samples was 5 mm2, and
the distance between the two inner contacts was 1 mm. The resistances were obtained by
applying a fixed electric current of 10 μA through the two outer silver contacts and
monitoring the voltage drop between the two inner contacts. The magnetic field B was
applied along the vertical axis, perpendicular to the direction of the electric current. The MR
was also measured by sweeping magnetic field between 0 and 10 T. Rotation of the sample by
360° in the constant magnetic field was used to measure the anisotropic MR. The MR was
calculated as (ρB-ρ0/ρ0)×100%, where ρB and ρ0 are resistivities with and without magnetic
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field.

Figure 6.1 (left) Schematic of the inductively coupled plasma-enhanced CVD reactor. (right)
Schematic of the magnetotransport measurements. The size of the sample is 5 mm2.

6.1.4 Morphology and microstructure of vertical graphene
Figures 6.2(a), (b) and (c) show a schematic and scanning electron microscope (SEM) images
of the VGNs with petal-like morphology, in which graphene nanowalls are nearly
perpendicular to the substrate, with the nanowall height ranging from 300 to 500 nm. Figures
6.2(d), e and f illustrate the schematic and SEM images of the tree-like VGNs. As it can be
seen, these two VGNs display quite different structure. The petal-like network forms isolated
cells of graphene nanowalls, whereas the tree-like network forms a branched structure.
Importantly, the VGNs of the tree-like morphology have sharper boundaries and edges (Fig.
6.2f).
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Figure 6.2 (a) Schematic and (b, c) low and high resolution SEM images of the petal-like
graphene network. (d) Schematic and (e), (f) low and high resolution SEM images of the
tree-like graphene network. The petal-like network forms isolated cells, whereas the tree-like
network forms a branched structure.

Figures 6.3(a), (b) and (c) show the low and high resolution TEM images, as well as and
Raman spectrum of the vertical graphene nanowalls collected from the petal-like vertical
graphene network. From this image one can see that the petal-like morphology features
ultra-long and ultra-open reactive edges, which could serve as potential trapping sites of
localized electrons. The TEM images and Raman spectrum of nanowalls collected from the
tree-like network are shown in Fig. 6.3(d-e). The high resolution TEM images confirm that
122

the graphene nanowalls have only 3-7 layers. The distance between two graphene layers is
about 0.34 nm, as shown by the arrows. Raman spectra of the tree-like and petal-like
networks contain a disorder-related D peak at 1600 cm-1, a graphitic G peak at 1350 cm-1, and
a crystalline carbon-related 2D peak at 2690 cm-1, respectively. The relatively stronger D peak
reveals that the petal-like network has a lower order of graphitization and a higher density of
defects. More detailed comparison of network parameters is shown in Table 1.

Figure 6.3 (a, b, c) Low and high resolution TEM images, and Raman spectrum of vertical
graphene nanowalls collected from the petal-like vertical graphene network. (d, e, f) Low and
high resolution TEM images, and Raman spectrum of vertical graphene nanowalls collected
from the tree-like vertical graphene network.
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Table 6.1

Morphology

Petal-like

Tree-like

SO2 surface

Smooth

Islands

Substrate bias for Ar treatment, V

-50

-100

Time of Ar plasma treatments, min

3

10

Growth time, min

8

10

CH4 content, %

30

44

H2 content, %

20

11

Ar content, %

50

45

Thickness of graphene, layers

3-5

5-7

Smooth

Sharp

105

107

Edge structure
Edge Length, m/g

Table 6.1 The comparasion of growth conditions of petal-like and tree-like vertical graphene

6.1.5 Anisotropic MR of vertical graphene
Figures 6.4(a), (b) show the MR measured on the petal-like and tree-like graphene networks
with the temperature as a parameter and magnetic field perpendicular to the sample surface.
At lower magnetic fields, the MR always exhibits negative values and quadratic field
dependence, which can be fitted as MR = kB2, where k is a constant. With the magnetic field
increasing, the negative MR is strongly suppressed and a positive MR is observed. The MR
has a sharp peak at B = 0 at 2 K and a positive slope above 9.5 T. Compared with the large
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positive MR in the nanocontact consisting of ferromagnetic Ni and vertical carbon nanowalls,
the observed MR in petal-like graphene network can be attributed to the WL effects.14 On the
other hand, no MR oscillations have been observed in our samples, which might result from
the different morphology from the thicker carbon nanowalls used in previous works [15]. The
petal-like graphene network shows a relatively low order of graphitization with quite
significant defects at ultralong edges and boundaries, where the

electrons could be trapped

and lead to localized states.

Figures 6.4(c), (d) show angular dependencies of the MR for petal-like and tree-like graphene
networks with the temperature as a parameter. The MR in both types of networks shows a
strong anisotropy with twofold symmetry over the whole temperature range. The maximum
MR value appears at around 0° and 180° (i.e., when magnetic field is parallel to the side
surfaces of the graphene nanowalls), and the minimum value is found at around 90° and 270°
(with magnetic field perpendicular to the side surfaces). Unlike to the petal-like networks, the
angular-dependent MR curves in the tree-like network display four intersections between 10
K and 50 K.

The anisotropic MR behaviour is usually observed in the ferromagnetic and non-magnetic
materials due to a larger probability that electrons will experience s-d scattering in the
direction of the magnetic field and due to anisotropy of the Fermi surface, respectively.[29,30]
Anisotropic MR has also been observed in terraced graphene sheets and is attributed to
geometric anisotropy. The intervalley electron scattering leads to the observed enhancement
of negative resistance and restoration of the weak localization in 2D graphene, whereas the
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antilocalization results from the suppressed intervalley scattering and chiral electronic
character.[23] The low-field magnetotransport in the 3D VGNs could be affected by various
scattering mechanisms. Dense, ultra-long, atomically sharp edges and defect-prone edges
might be the main sources of the intervalley scattering in our VGNs,[6] thus causing
restoration of the weak localization (WL) and the observed enhancement of negative MR.
Importantly, the weak localization results from the quantum mechanical interference between
elastically scattered carrier waves and occurs in a phase-coherent conductors when there is
constructive interference between two time-reversed electron paths.9 The electron paths could
be confined to the cavities of the graphene networks, since the WL correction actually probes
an area distribution of time-reversed paths.[24] Different directions of electron travel along a
closed path induce an accumulation of the geometric phase, which contributes to the
interference process.13 The destruction of the WL by a weak magnetic field leads to a negative
MR which is apparent in low magnetic fields.[25]
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Figure 6.4 (a, b) Magnetoresistance as a function of magnetic field at angle θ = 0 in
petal-like and tree-like graphene networks with the temperature as a parameter. (c, d)
Angular dependencies of magnetoresistance in petal-like and tree-like VGNs with the
temperature as a parameter.

To analyze the obtained results, we will use the expression built up by McCann et al. for the
MR associated with the weak localization in few-layer graphenes:[26]

,

(1)

where,

here B is the magnetic field induction, ψ is the digamma function, and D is the diffusion
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coefficient. When the isospin conservation scattering process dominates, the correction to the
sheet MR can be expressed as:[23]

(2)
Where

Here

are the phase coherence time, intervalley scattering time, and intravalley

relaxation time, respectively. Quantum interference correction to the MR in VGNs is
dependent on the interplay of the intravalley and intervalley scatterings. The first term in
eqnation (2) is responsible for WL, while the second and third terms with negative sign lead
to WAL. The MR is significantly affected by the competing relaxation mechanisms which
occur in the graphene. This WL effect leads to the observation of a negative MR. According
to (2), the sign of WL in VGNs shows that the intervalley scattering time is shorter than the
phase coherence time, i.e.,

. The WL-related MR could saturate at magnetic field

strengths determined by the intervalley scattering time i. Such behaviour can be expected for
our graphene networks which have ultra-long defective edges. Indeed, petal-like graphene
networks display negative MR at low fields, thus confirming the theoretical predictions.
As seen in Fig. 6.4, tree-like networks also exhibit similar negative MR, with smaller
values than the MR in the petal-like VGNs at low fields and high temperatures. However, the
MR becomes positive even in low field at very low (2 K) temperature. Based on (1), the
observed positive MR is a clear signature of WAL in tree-like VGNs. In this case, the WAL
results from the suppression of backscattering because of the Berry phase, and suppression of
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WL due to the decreased intervalley scattering. Interference corrections to the resistance
appear with the decreased temperature, since the elastic scattering becomes a dominant
mechanism and inelastic scattering is strongly suppressed. This allows electrons to retain their
phase coherence over long distances, and therefore the phase coherence time increases.
Nevertheless, the WAL cannot exist at high temperatures owing to the strong phonon-electron
scattering induced reduction of the phase coherence time τφ.[11]
Besides, spin-orbital interaction also can lead to WAL if graphene has broken z→z
symmetry at the lowest temperatures.[27] The z→z symmetry can be broken in tree-like
VGNs with the nanoribbon-like sharp edges, and the spin-orbital interaction is also stronger in
the electron tunnelling process at the sharper boundaries. This will result in larger positive
WAL-related MR at the lowest temperatures, which is consistent with our observations.
Therefore, the MR in VGNs can be tuned at low field and low temperature from WL in
petal-like VGNs to WAL in tree-like VGNs through edge design. In addition, the MR in the
tree-like VGNs also demonstrates weak asymmetry, which has also been observed in
hydrogenated graphene and can be attributed to the asymmetry in the electron-hole transport
processes.[28]
As the carriers transport through the VFGNs, the network inhomogeneity can produce
distorted current paths misaligned with the bias direction.[5] Aparting from the
inhomogeneity as well as the WAL effecs, the Lorentz force induced curving of electron
trajectories can result in a classical positive MR. The carriers and current paths will be
deflected in the in-plane in a perpendicular magnetic field (θ = 0°/360°, 180°), while the
carriers and current paths will be deflected out-of-plane in a parallel magnetic field (θ = 90°,
270°). However, the in-plane deflection of carrier trajectories is more easily and strongly than
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that of out-of-plane, which results in anisotropy of observed MR. The differences of
angular-dpendent MR between petal-like and tree-like VFGNs result from giant differences of
morphology that can produce discrepant mobility.[5] This anisotropy of the MR could find
application in designing VGN-based integrated angle sensors suitable for detecting the
magnetic field polarity.

6.1.6 Conclusion
We investigated on the comparative study of magnetotransport properties of large-area
vertical few-layer graphene networks with different morphology, measured in a strong (up to
10 T) magnetic field over a wide temperature range. The petal-like and tree-like graphene
networks grown by plasma enhanced CVD process on a thin (500 nm) silicon oxide layer
supported by a thick (500 nm) silicon wafer demonstrate a significant difference in the
resistance – magnetic field dependencies at temperatures ranging from 2 to 200 K. This
behaviour is explained in terms of the effect of electron scattering at ultra-long reactive edges
and ultra-dense boundaries of the graphene nanowalls. Our results pave a way towards
three-dimensional

vertical

graphene-based

magnetoelectronic

nanodevices

with

morphology-tuneable anisotropic magnetic properties.

6. 2 Rom-temperature ferromagnetism in vertical graphenes
6.2.1 Introduction
Ferromagnetism in carbon material attracted large attention because of their unusual magnetic
property which differs from transition ferromagnetic metals. Often such ferromagnetism were
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observed at low temperatures.[31-33] Graphene, which is a one atomic layer thick
2-dimensional carbon material, attracted strong interest in magnetism research because of
their interesting room temperature ferromagnetic properties.[35-38] Previous investigation
have also shown that ferromagnetism in graphene based material can reach up to 10 emu/g
with Curie temperature which is greater than room temperatures (300~460K), which is
comparable to the transition ferromagnetic metals.[35-38] Moreover, graphene-based
nanomaterial also has unique practical advantages such as flexiblity and light weight which
promises great future for light weight and flexible spintronics applications. [31-33] [35-38]
Moreover, effective and efficient tuning prcoess of such magnetic property is required for
realization of graphene based material in magnetic devices. Recently, many studies have
shown that graphene’s ferromagnetic property can be dependant on factors such as 1) defects,
2) hydrogenation, 3) presence of edge states

and adsorption of other functional groups and

by tuning such parameter one can tune the magnetic property.[36-37] However, such effective
and efficient tuning process presents a challenges.

Firstly, conventional way of tuning the magnetic property requires post processing such as ion
implantation or proton irradiation both techniques rely on high energy source with special
state of ions which is not easy to generate and need sophisticated equipments.[34, 38-40]
Secondly, graphene fabrication processes often involve hazardous chemicals, high
temperatures, and multi-stage methods which is an another challenges that are needed to be
overcome. Therefore, more efficient ways to create and tune the graphene based material with
ferromagnetic property with high Curie temperature became an important issue.
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Here we demonstrate the simple and efficient tuning of ferromagnetic property of vertically
standing graphenes. Tuning of ferromagnetic property in vertical graphene were induced by
changing the oxygen content in the vertical graphene structures. Such difference in oxygen
content was brought by simple substitue of organic precursors in different chemical
composition where oxygen is held by different bonding energies. Often oxygen groups in
organic precursors is either held as a side chain or in the aromatic ring. Therefore, we decided
to use simple fat chain where oxygen is contained mostly as a side chain and the surgar units
where oxygen is held up as a part of aromtic ring. As a result vertical graphenes derived from
fat-like organic precursor (butter) which has long carbon chain exhibited zero oxygen content.
Inturn this resulted in high saturation magnetic moment of 8 emu/g with uniform but small
ferromagnetic coercivity. Aromatic ring based organic precursors such as (honey and milk)
exhibited moderate oxygen content. Such oxygen content resulted in smaller magnetic
moment of 2.1 and 1.0 emu/g with larger ferromagnetic coercivity compared to the fat chain
derived vertical graphenes. [41-42] Moreover, magnetic properties was sustained even at high
temperature of 600K which suggests our vertical graphene has high Curie temperature which
will be important aspect in practical applications. Secondly, We also demostrated, green
method of converting natural organic precursors in simple, fast and environmentally friendly
plasma process which does not involve hazardous chemicals, high temperatures and
multistages of proceses. Our effective tuning process and the green synthesis would pave a
way to realizing carbon material based magnetic devices.

6.2.2 Growth of vertical graphenes from honey, milk and butter
The deposition process for vertical graphenes was carried out in a magnetron-sputtering-unit
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assisted inductively-coupled plasma chemical vapour deposition (ICP-CVD) system (13.56
MHz, RF power 1.0 kW max). Cleaned P-type Si wafers with thermally oxidized SiO2 coating
of 500 nm thickness was used as substrates for the deposition. For the fabrication of vertical
graphenes, honey, milk and butter were pasted evenly on the wafer. After loading the
substrates into the reactor chamber, the chamber was pumped down to 4.8 x 10-4 Pa. Then a
gas mixture of 10 sccm Ar and 10 sccm H2 was fed into it to produce vertical graphenes
from both honey and butter. Plasma was ignited 4 cm away from the substrate at a chamber
pressure and rf power of 2.5 Pa and 1000 W was maintianed during the 9 minutes of the
processes.

6.2.3 Morphology and microstructure of vertical graphene
The microstructure of vertical graphenes were investigated by a field-emission scanning
electron microscopy (FE-SEM; Zeiss Auriga) operated at an electron acceleration voltage of
20 kV and a working distance of 8 mm. The Raman spectra were collected by Renishaw InVia
confocal Raman microscope system with a 50× objective lens. Samples were excited with 514
nm laser at power of ~ 1.5 mW and a spot diameter of ~ 1 μm2. Energy dispersive
Xray-spectrum was performed using (FE-SEM; Zeiss Auriga) operated at an electron
acceleration voltage of 20 keV.

Figure 6.5 shows the morphological and structural characteristics of vertical graphenes
produced from butter, honey and milk precursors. It is noticeable from Scanning electron
microscope (SEM) images that vertical graphenes contain very dense and long edge planes.
The Raman spectra of the vertical graphenes derived from honey, butter and milk are shown
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in (Fig 6.5(d-f)). These spectra contain 5 distinct D, D', G, 2D, and D+D' peaks. Sharp D peak
which is located at 1345 cm-1 corresponds to the A1g mode breathing vibrations of sp2-carbons,
which become Raman active when neighbouring sp2-carbons are converted into sp3-state.[13]
Distinct D' peak appears at 1618 cm-1. [14]

G peak which is located at 1580 cm-1 is due to

the E2G vibration of sp2-carbons. 2D peak which is an overtone of D peak is located at 2690
cm-1.[15] Moreover, additional D+D' peak is observed at 2950 cm-1. [14-15] Intensity ratios
and the sharpness of these 5 peaks reveal important information on the graphitic state of our
vertical graphenes. Firstly, the high ID/IG ratios of 2.2 for butter and milk sample and 2.5 for
honey sample reveal that our vertical graphenes contain a significant amount of defects.
Secondly, the presence of sharp and distinct D, D', and D+D' peaks reveals that our vertical
graphenes are hydrogenated. High I2D/IG ratios of 1.6 for butter, 1.7 for honey and 0.9 for
milk samples reveals that our vertical graphenes contain only few layers of graphene sheets.
[13] Furthermore, we can also deduce the presence of defect types from the ID/ID' ratios.
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Figure 6.5 (a, b, c) Low-resolution scanning electron microscope (SEM) image of vertical
graphenes produced from butter, honey and milk.

(d, e, f) showing the raman spectra of

vertical graphenes produced from butter, honey and milk.

Vertical graphenes produced from butter exhibited ID/ID' ratios of 4.0, whereas honey and
milk samples exhibited 4.2 and 4.3 respectivley. This reveals the possible presence of
vacancy-type (due to ion bombardment) and boundary-type (due to the presence of edge
plane) defects.[44]

6.2.4 Magnetization of vertical graphene
The magnetization analysis of the vertical graphene films has been performed with vibrating
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sample magnetometer (VSM) in Physical Property Measurement System (PPMS). To exclude
the influences of SiO2/Si, the vertical graphenes were cleaved from the substrate before VSM
measurements. Firstly, the sample holder and plastic tapes which were used to carry samples
were measured and display absolute diamagnetism, then the magnetic hysteresis loops of the
vertical graphenes were measured at temperatures 5, 50 and 300 K,

Figure 6.6(a) exhibits the magnetization hysteresis loops of vertical graphenes made from
butter at 5, 50, and 300 K. One can clearly notice that the high saturation magnetic moment of
8 emu/g at 3 kOe and 300 K with small ferromagnetic coercivity which is shown in the
enlarged hysteresis loops in the inset of Fig. 6.6(a). Figure 6.6(b) exhibits the magnetization
hysteresis loops for the vertical graphenes made from honey. Here, we observe a low
saturation magnetic moment of 2.1 emu/g at 3 kOe and the larger ferromagnetic coercivity at
300 K. Figure 6.6(c) exhibits the magnetization hysteresis loops for the vertical graphenes
made from milk. Here, we observe a low saturation magnetic moment of 1.0 emu/g at 3 kOe
with small ferromagnetic coercivity at 300 K. We believe that such a difference in magnetic
moment was induced from the different oxygen content in the vertical graphenes derived from
honey and milk. Where milk and honey contains considerable oxygen content in their
structure leading to lower magntization value compared to butter derived vertical graphene
where it contained pure carbon. This difference in oxygen content in different precursor in
similar plasma process can be attributed to difference in oxygen bonding arrangement in
molecular unit of natural precursors. From our result, we can deduce that removing oxygen
bond from hexagonal lattice (sugar units) could be harder than the removing oxygen from side
chain (fat units). Such observation is in agreement with the difference in magnetization value
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observed from pure graphene sheets to graphene oxide sheets.[46] Observation of
ferromagnetism in vertical graphenes can be attributed to localized unpaired spins induced by
types of defects.[47-48]

Figure 6.6 (a, b, c) Temperature-dependent magnetization curves for vertical graphenes
produced from butter, honey and milk.
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Figure 6.7 (a, b) Temperature-dependent magnetization curves for powedered vertical
graphenes derived from butter.

Figure 6.7(a) and (b) shows the magnetization curve of powdered vertical graphenes derived
from butter at different temperatures. It is clearly noticed that the ferromagnetic behaviour is
stable even at high temperature regime (600K) which shows the high Curie temperature of our
vertica graphenes. Such property will be important when considering for practical
applications. Moreover, ferromagnetic moment is more pronounced at low temperatures (5k)
which is due to the reduction in thermal fluctuation at low temperatures. Lower value of
saturation magnetization moment was observed due to the discontinuous nature of the film
after being made into powder which could have been a reason for such observation. This
reveals that the morphology of network structure in vertical graphene plays important role in
determining the magnetic properties.
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Figure 6.8 Schematic of structural state in vertical graphenes produced from butter and
honey.

6.2.5 Generation mechanism of ferromagnetism in vertical graphene
Firstly, in the vertical graphenes, there are ultra-long edges of up to 106 m/g, which contribute
large amounts of edge defects. Secondly, the formation of dense atomic vacancies in the
vertical graphenes can generate ferromagnetic ordering in the same sublattice of vertical
graphenes. Magnetism can be also induced from a lattice vacancy defects which generate
localized electronic states and magnetic moments of around 1.12~1.53 μB per vacancy. [35]
Thirdly, H atoms adsorbed on the graphene surface can create spontaneous magnetism in
vertical graphenes Other factors such as hydrogen adsorption on vertical graphene can break
the double C=C bond in the graphene lattice and format C-H bond and results in a removal of
the π orbital, releasing unpaired electrons. Such unpaired electrons can also create magnetism
in vertical graphenes. In addition, the absorption of H at ultra-long defective edges of vertical
graphenes leads to the formation of a spin-polarized band at the Fermi level. The π electrons
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on hydrogenated defective edges of vertical graphenes can create a ferromagnetic spin
structure due to edge localized states. On the other hand, H adatoms can easily adsorb on
vacancy dangling bonds and format vacancy-H complexes that can provide larger magnetic
moment.[36] H-chemisorption also leads to a transition from sp2 to sp3 - sp2 hybridization and
the sp3-type defects introduce local sublattice imbalances and unpaired spin electrons.

In brief, the strong magnetism in vertical graphenes was achieved by satisfying 3 criteria of 1)
defect control, 2) hydrogenation, 3) edge states. These multiple mechanisms was enabled
during the plasma dry chemical conversion process. The dense atomic vacancies are created
continuously by the energetic Ar ion bombardment. The presence of hydrogen plasmas was
able to create sp3 hybridization and dangling bonds in vertical graphenes. Numerous edge
states are created as an intrinsic nature of vertical graphenes which are produced from the
complex plasma chemistry.

6.2.6 Conclusion
In summary, different magnetization in vertical graphenes fabricated by plasma-enabled
chemical conversion of organic precursors with various oxygen contents and bonding
energies was achieved. The vertical graphenes grown from fat-like precursors exhibit
magnetization reaching 8 emu/g, whereas the use of aromatic precursors results in much
lower numbers. High Curie temperature was also demonstrated.
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Chapter 7 Band-gap tuning and linear magnetoresistance in Dirac
semimetal Bi0.96Sb0.04 single crystals

7.1 Introduction
Dirac electron materials, such as graphene and topological insulators, exhibit exotic quantum phenomena,
and have attracted great attention from the condensed matter physics community. [1-5] Dirac materials are
usually zero-gap semiconductors.[6-7] Their Bloch wave functions follow Dirac-like equations in the
vicinity of some special points of the Brillouin zone. Three-dimensional (3D) Dirac semimetals can be
viewed as 3D generalization of graphene, which represent a novel state of quantum matter.[8-10] In a 3D
Dirac semimetal, the conduction and valence band touch each other at isolated points in momentum space.
Several compounds, such as Bi1−xSbx(x ≈ 0.04), BiSb, Na3Bi, Cd3As2, and BiO2, have been predicted
theoretically as 3D Dirac semimetals based on first-principles calculations.[8-11] To date, Na3Bi and
Cd3As2 have been identified as 3D Dirac semimetals through angle-resolved photoemission spectroscopy
(ARPES) measurements.[12-14] The extracted mobility in Cd3As2 single crystals far exceeds 20,000
cm2/V.s, which suggests potential applications in electronic devices. This coexistence between weak
antilocalization and negative magnetoresistivity has been observed in 3D Dirac semimetals Bi0.97Sb0.03,
which is attributed to the Adler-Bell-Jackiw anomaly.[11]

Bulk Bi and Sb are group-V semimetals and have a small number of free electrons and holes due to a
weak overlap between the valence and conduction bands.[15] Bi-Sb alloy is well-known and has been
studied as an excellent thermoelectric material near room temperature.[16] Recently, ARPES
measurements have demonstrated that Bi1−xSbx at x = 0.10 belongs to the topological insulator phase by
observing the odd number of band crossings of the edge states at the Fermi level.[17-18] Bi1−xSbx can be
tuned from the topologically trivial phase to the topologically non-trivial phase through a critical point
around x = 0.04.[11, 17, 19-21] At this point, Bi1−xSbx alloy becomes a 3D Dirac semimetal with massless
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Dirac fermions.[11, 16, 22] The band structure at the Г point and the spin orbital coupling strength also
depend on x.[21] Up to now, however, most of the experimental studies have been conducted on Bi1−xSbx
in the range of 0.07 < x < 0.22. The Dirac semimetal phase of Bi10.96Sb0.04 with its small conduction
electron effective mass is still not entirely understood.[6, 23]

Magnetotransport measurements are quite helpful for investigating the electronic states in Dirac
electronic materials.[24-27] Giant diamagnetism and linear quantum magnetoresistance (MR) will be
expected for 3D Dirac semimetals.[8-10] The conditions for quantum MR include the extreme quantum
limit, which is unique to semimetals and semiconductors with tiny pockets in the Fermi surface.
Room-temperature low-field linear magnetoresistance (LMR) is of particular scientific interest and
technological importance for practical applications.[24] Room-temperature high-field LMR has been
discovered in some narrow-gap semiconductors: Ag2+δSe, Ag2+δTe, and InSb compounds.[28-31] To date,
however, few materials with room-temperature low-field LMR have been discovered.

Here, we report that we can access the Dirac semimetal phase and Abrikosov’s quantum linear MR by
light Sb doping of single crystal Bi. The magnetic field induced transition from metal to semiconductor
has been observed in Bi10.96Sb0.04. Moreover, the magnetic field can also induce a band gap of up to 60
meV in the high temperature range.

7.2 Experimental measurements
The Bi0.96Sb0.04 single crystals used for this study were cleaved from (0001) plane of bulk crystals with
99.99% purity. Four-probe transport measurements were performed on a rectangular sample with
dimensions of 4 × 4 × 0.2 mm3 between 5 and 300 K using a Quantum Design 8 T Physical Properties
Measurement System (PPMS). The resistance was obtained by applying an electric current I (typically
500 μA) through the two outer contacts and monitoring the voltage drop V between the two inner contacts
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(typical spacing 1 mm). The current I was applied in the plane, and the magnetic field B was applied
perpendicular to the current direction and in-plane. In the Hall effect measurements, the current was also
500 μA and applied in the plane. The field was increased from 0 to 13 T and was applied perpendicular to
the plane. The temperature was in the range of 5 K to 300 K, and the voltage was detected in a direction
perpendicular to both the current direction and the field direction.

7.3 Magnetic field induced band gap
Bi1−xSbx (x = 0.04) crystals were grown from a stoichiometric mixture of 99.99% purity Bi and Sb
elements. The crystals were cleaved along the (111) plane. The sample was 4 × 4 × 1 mm3 in size.
Four-probe measurements of out-of-plane magneto-transport between 5 K and 300 K were conducted
using a Quantum Design 9 T Physical Properties Measurement System (PPMS). As shown in Fig. 7.1(a),
the applied bias current was 0.2 mA and along [100] with an out-of-plane magnetic field.

Figure 7.1 (a) Schematic diagram of MR measurements with magnetic field perpendicular to the sample plane. (b)
Evolution of band structure of Bi1−xSbx as a function of x.

Fig. 7.1(b) shows the evolution of the band structure of Bi1−xSbx as a function of x.[32] Doping of Sb
atoms into a semimetal Bi crystal results in a quantum phase transition to a topologically insulating
Bi1−xSbx crystal.[33] The Sb doping induced semimetal–semiconductor transition has been observed in
Bi1−xSbx alloys and nanowires.[34-35] Moreover, these nanowire arrays exhibit an enhanced thermopower
as a result of Sb doping. As the Sb concentration is increased, the La and Ls bands touch at x = 0.04.[11]
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The evolution of band structure in Bi1−xSbx alloys at different Sb concentrations has been systematically
measured with ARPES experiments, and the change of the surface band structure from non-topological to
topological was observed at x = 0.04.[11, 21, 32] Surface band structures of the topological Bi1−xSbx
insulator are likely a result of hybridization between non-trivial edge states and trivial surface states.[36]
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Figure 7.2 (a) and (b) Resistance of Bi0.96Sb0.04 as a function of temperature in different magnetic fields
ranging from 0 T to 8 T.

Figure 7.2 shows the temperature dependence of the resistivity of Bi0.96Sb0.04 single crystals for a series of
applied magnetic fields. In 0 T and 0.1 T, the resistivity monotonically decreases with decreasing
temperature, and the Bi0.96Sb0.04 single crystals behave as a metal. On the contrary, in higher field (B > 0.5
T), the resistivity increases monotonically with decreasing temperature, and Bi0.96Sb0.04 single crystals
behave as a semiconductor. The magnetic field induced semiconductor-semimetal transition has been
observed in BiSb alloys with Sb concentrations in the range of 8%–12%.[37-38] This behaviour was
explained in term of a simple quasi-one-dimensional extreme-quantum-limit regime. Additionally, the
magnetic field induced metal-semiconductor transition has also been observed in single-crystal bismuth
nanowires.[39] Such a phase transition was attributed to the interplay between the electron cyclotron radii,
electron scattering, size-induced energy level quantization, and the transfer of carriers between the
different carrier pockets of the Fermi surface.[39]
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Figure 7.3 (a) Ln(ρ) as a function of T-1. (b) The field induced band gap as a function of applied magnetic
field.

The magnetic field induced transition from metal to semiconductor suggests changes in the band structure
and the presence of a band gap. Based on the thermal activation energies for electrical conduction and the
well-known equation of ρ(T) ∝ exp(Eg/2kT), the induced band gap has been extracted, as shown in Fig.
7.3(b). The induced band gap shows magnetic field dependence and reaches 60 meV in 8 T.

7.4 Giant and linear MR
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Figure 7.4 Linear dependence of MR on magnetic field in Bi10.96Sb0.04 single crystals.

Figure 7.4 shows the magnetic field dependence of the transverse MR in Bi0.96Sb0.04 single crystals. At
300 K, the low-field MR exhibits quadratic field dependence, which can be fitted by MR = kB2, with k a
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constant. The MR reaches as high as 250% at B = 8 T. Below 100 K, the field dependence of the MR
remains linear, and the value of linear MR exceeds 5000% at T = 5 K and B = 8 T. Large MR has also
been observed in 3D topological insulators and was atrributed to with electronic open orbits in the bulk
Fermi surface.[25-27] Similar MR has also been observed in electrodeposited single crystal bismuth thin
films.[40-42] The well-established Kohler's rule suggests that the MR of a material is a universal function
of B as a result of the Lorentz force deflection of carriers. At high field, most materials show saturation of
MR. Therefore, such a giant and linear MR in our Bi1−xSbx crystals is unusual and has potential
application in Dirac electronic based magnetic field detectors.

Linear quantum-MR theory was developed by Abrikosov to explain the observed giant linear MR.[43-44]
The model is based on the assumption that the systems are basically gapless semiconductors with a linear
energy spectrum and only one Landau band participating in the conductivity. [43] Bi0.96Sb0.04 has small
pockets in its Fermi surface with a small effective mass and shows metallic behavior in zero field.[22, 32]
Therefore, quantum linear magnetoresistance is expected in Bi0.96Sb0.04 bulk single crystals. Additionally,
slight Shubnikov–de Haas oscillations were also observed at the low temperatures of 5 K and 10 K. Such
oscillatory MR demonstrates the Landau quantization in the Fermi surface.[31]
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Figure 7.5 (a) Hall resistance of Bi0.96Sb0.04 as a function of temperature in 8 T. (b) Hall resistance of
Bi0.96Sb0.04 as a function of magnetic field at several temperatures ranging from 350 K to 2 K.
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Figure 7.4(a) shows the Hall resistance of Bi0.96Sb0.04 at 8 T as a function of temperature. Figure 7.4(b)
displays the Hall resistance as a function of magnetic field. The carriers are electrons. The carrier
concentration and mobility have been obtained from the Hall effects.
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Figure 7.6 Low-field linear MR of Bi0.96Sb0.04 samples with rough surfaces.

Surprisingly, the linear dependence on magnetic field emerged from zero field after the surface was made
rough with sandpaper (Fig. 7.6). The low-field linear MR originates from the presence of surface
inhomogeneities. [29, 31] [45-48] In addition, non-saturating MR can occur in semiconductors as a
consequence of strong electrical disorder, which is related to the carrier mobility, but is independent of
carrier density.[31] The high-field MR was also found to be linear over the entire temperature range.[49]

7.5 Summary
In conclusion, we investigated the magnetic field induced metal-semiconductor transition and linear
magnetoresistance in the Dirac semimetal phase of Bi1-xSbx. A field-dependent band gap is induced in
Bi0.96Sb0.04 in high magnetic field. Giant linear magnetoresistance of up to 5000% was observed in 8 T
and 5 K, which can be explained by Abrikosov’s model of quantum magnetoresistance.
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Chapter 8 Conclusion and outlook
8.1 Conclusion
This thesis is devoted to gapless electronic materials. The electronic, magnetic, and thermal transport
properties of topological insulators, graphene, and Dirac semimetals have been systematically
investigated.

8.1.1 Topological insulators
Topological insulators represent a type of new quantum matter that possesses metallic surface states as a
consequence of the nontrivial topology of electronic wavefunctions in the bulk of the material.
Topological insulators have demonstrated many novel electronic properties, including the quantum Hall
effect, fractional charge and quantized current, the quantum spin Hall effect, the quantized anomalous
Hall effect, the topological magnetoelectric effect, image magnetic monopoles, and possible Majorana
fermions.[1-4]

We investigated Sb2Te3 and Bi2Te3 single crystals as typical 3D topological insulators, and SmB6 crystal
as a strong correlated topological Kondo insulator. We observed giant and high-field linear MR in Sb2Te3
single crystals and Bi2Te3 single crystals. Moreover, the MR shows strong angular dependence over a
wide temperature and magnetic field range. The observed MR and anisotropy can be attributed to
electronic scattering and anisotropy at the Fermi surface, and the materials have potential applications in
magnetoelectric devices.

In the topological Kondo insulator SmB6, we observed four-fold symmetric MR with a rotated in-plane
magnetic field in SmB6 single crystals. At low temperature and high magnetic field, the four-fold
symmetry disappears, and there is a transition to nearly two-fold symmetry. The four-fold symmetric MR
results from the four-fold degeneracy of the Fermi surface of SmB6, while the rotational symmetry
breaking of the four-fold symmetry might result from electronic nematic states. Additionally, we studied
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the thermal transport properties of SmB6 polycrystalline samples. We found that the high temperature and
low temperature Seebeck coefficient can be fitted qualitatively with models for 3D bulk states and 2D
topological surface states, respectively. The ZT displays a transition at 40 K, which corresponds to Kondo
gap opening. Our results shed light on the anomalous thermal transport in the Kondo insulator SmB6.

8.1.2 Graphene
Graphene consists of a 2D honeycomb lattice of carbon atoms that is the basic building block of graphite.
In graphene, the electrons obey a massless Dirac equation.

We investigated magnetotransport and magnetism in graphene, a 2D Dirac electronic material. We
observed morphology-tunable anisotropic MR and ferromagnetism of vertical graphene fabricated by
plasma-enhanced CVD. The observed MR shows a transition from negative to positive, which can be
attributed to the transition from weak localization to weak anti-localization. The ferromagnetism in
vertical graphene results from various defects, including lattice vacancy defects, H adatom defects, and
edge defects. The defects generate unpaired electrons and net magnetic moments, which produce the
observed macro-ferromagnetism.

8.1.3 Dirac semimetal
It is well known that Bi1−xSbx alloy with the Sb concentration x ≈ 0.04 becomes a semimetal with
massless Dirac fermions.[5, 6] We investigated the electronic and magnetotransport properties of Dirac
semimetals Bi0.96Sb0.04 single crystals. We observed the magnetic field induced band gap and linear MR in
Dirac semimetal Bi0.96Sb0.04 single crystals. The giant and linear MR can be attributed to quantum MR
due to the zero-gap characteristic of this material.

8.2 Outlook
8.2.1 Topological insulator materials
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At present, the topic of topological insulators is one of the most active research fields in condensed matter
physics. In the past few years, we have witnessed remarkable progress in many aspects of topological
insulators. These include discovery and synthesis of new topological insulators. To date, there are many
materials that have been predicted to be topological insulators, but have not been verified experimentally.
The following Table 8.1 is a summary of topological insulator materials that have been experimentally
confirmed.

Table 8.1 A list of topological insulator materials that have been experimentally verified. Adopted from
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reference [7].
Although many topological insulator materials have been discovered, and many electronic properties have
been studied, there is much work to be done to realize the potential applications of these fascinating
materials. Numerous experimental challenges, including materials synthesis, bulk conductivity control,
and device fabrication, have to be addressed

One challenge is to fabricate topological insulators with sufficient purity and real insulating bulk states.
Another task is to tune the Fermi level into the bulk band gap and close to the Dirac point of the surface
state. To date, various doping and gate strategies have been used to achieve these goals, but the results are
still not perfect. Additionally, separating surface states and bulk states is also a challenge. Apart from
traditional methods such as ARPES and STM, as well as quantum oscillations, new and easier methods
and tools need to be developed.

Another challenge is to engineer interfaces between topological insulators and superconductors to achieve
novel Majorana fermions through the proximity effect. Since this particle has no mass and is its own
antiparticle, it is hard to observe in experiments. Although many experiments have been reported, direct
evidence for its existence is still lacking. Moreover, the heterostructures and interfaces of topological
insulators and magnetic materials are also scientifically interesting and technically important. These
materials have the potential to image magnetic monopoles and are useful for magnetic recording and
memory devices.

Finally, the biggest challenge and task is to develop and explore topological-insulator-based electronic
devices with low power consumption. Firstly, topological quantum computers based on Majorana
fermions would be the most inspiring application field. The other possible devices include spintronics
devices based on the unique momentum-spin locking of topological surface states, infrared detectors, and
thermoelectric applications. Very recently, monolayer tin with fluorine atoms has been theoretically
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predicted as a 2D topological insulator with a large bulk band gap.[8] Surprisingly, the edge states of such
a material can conduct electricity with 100% efficiency at temperatures up to 100C. The experimental
realization of this material is still a big challenge, however, and requires more time.

8.2.2 Graphene
The quantum effects of relativistic 2D electrons in monolayer graphene exposed to a strong magnetic
field still need to be investigated in depth. The ferromagnetism in monolayer graphene is still a
controversial issue. Although we now have a reasonable understanding of the broad aspects of monolayer
graphene, bilayer and nanoribbon graphene remain open topics, and much work needs to be done.
Additionally, although many possible graphene-based electronic and spintronic devices have been
proposed and tested, the industrial and commercial application of these devices is still a big challenge.

8.2.3 Dirac semimetals
Although two compounds, Na3Bi and Cd3As2, have been identified as 3D Dirac semimetals through
ARPES measurements, more theoretically predicted Dirac semimetals need to be confirmed
experimentally. Moreover, the electronic, thermal, optical, and transport properties of such 3D Dirac
semimetals are still open questions.
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